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Preface 



The third edition of Antenna Theory is designed to meet the needs of electrical engi- 
neering and physics students at the senior undergraduate and beginning graduate levels, 
and those of practicing engineers. The text presumes that the students have knowledge 
of basic undergraduate electromagnetic theory, including Maxwell’s equations and the 
wave equation, introductory physics, and differential and integral calculus. Mathemat- 
ical techniques required for understanding some advanced topics in the later chapters 
are incorporated in the individual chapters or are included as appendices. 

The third edition has maintained all of the attractive features of the first two edi- 
tions, including the three-dimensional graphs to display the radiation characteristics of 
antennas, especially the amplitude patterns. This feature was hailed as an innovative 
and first of its kind addition in a textbook on antennas. Additional graphs have been 
added to illustrate features of the radiation characteristics of some antennas. However, 
there have been many new features added to this edition. In particular, 

• A new chapter on Smart Antennas (Chapter 16) 

• A section on Fractal Antennas (Section 11.6) 

• Summary tables of important equations in the respective chapters (Chapters 2, 4, 
5, 6, 12-14) 

• New figures, photos, and tables 

• Additional end-of-the-chapter problems 

• CD with the following Multimedia Material: 

• Power Point view graphs of lecture notes for each chapter, in multicolor 

• End-of-the-chapter Interactive Questionnaires for review (40-65 for each chap- 
ter) based on Java 

• Animations based on Java 

• Applets based on Java 

• MATLAB programs translated from the FORTRAN programs of the second 
edition 

• A number of new MATLAB programs 

• FORTRAN programs from the second edition. 

The CD is attached to the book, and it will open automatically once inserted in 
the computer. It is highly recommended that the reader uses the Internet Explorer 
(IE) to open the Multimedia Material; other browsers may not perform well. For 
additional instructions on how to open and use the material in the CD, there is a 
HELP file in the CD. 
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The book’s main objective is to introduce, in a unified manner, the fundamental princi- 
ples of antenna theory and to apply them to the analysis, design, and measurements of 
antennas. Because there are so many methods of analysis and design and a plethora of 
antenna structures, applications are made to some of the most basic and practical con- 
figurations, such as linear dipoles; loops; arrays; broadband, and frequency-independent 
antennas; aperture antennas; horn antennas; microstrip antennas; and reflector antennas. 

A tutorial chapter on Smart Antennas has been included to introduce the student in 
a technology that will advance antenna theory and design, and revolutionize wireless 
communications. It is based on antenna theory, digital signal processing, networks and 
communications. MATLAB simulation software has also been included, as well as a 
plethora of references for additional reading. 

Introductory material on analytical methods, such as the Moment Method and 
Fourier transform (spectral) technique, is also included. These techniques, together with 
the fundamental principles of antenna theory, can be used to analyze and design almost 
any antenna configuration. A chapter on antenna measurements introduces state-of-the- 
art methods used in the measurements of the most basic antenna characteristics (pattern, 
gain, directivity, radiation efficiency, impedance, current, and polarization) and updates 
progress made in antenna instrumentation, antenna range design, and scale modeling. 
Techniques and systems used in near- to far-field measurements and transformations 
are also discussed. 

A sufficient number of topics have been covered, some for the first time in an under- 
graduate text, so that the book will serve not only as a text but also as a reference for the 
practicing and design engineer and even the amateur radio buff. These include design 
procedures, and associated computer programs, for Yagi-Uda and log-periodic arrays, 
horns, and microstrip patches; synthesis techniques using the Schelkunoff, Fourier 
transform, Woodward-Lawson, Tschebyscheff, and Taylor methods; radiation charac- 
teristics of corrugated, aperture-matched, and multimode horns; analysis and design 
of rectangular and circular microstrip patches; and matching techniques such as the 
binomial, Tschebyscheff, T-, gamma, and omega matches. 

The text contains sufficient mathematical detail to enable the average undergraduate 
electrical engineering and physics students to follow, without too much difficulty, 
the flow of analysis and design. A certain amount of analytical detail, rigor, and 
thoroughness allows many of the topics to be traced to their origin. My experiences as 
a student, engineer, and teacher have shown that a text for this course must not be a 
book of unrelated formulas, and it must not resemble a “cookbook.” This book begins 
with the most elementary material, develops underlying concepts needed for sequential 
topics, and progresses to more advanced methods and system configurations. Each 
chapter is subdivided into sections or subsections whose individual headings clearly 
identify the antenna characteristic(s) discussed, examined, or illustrated. 

A distinguished feature of this book is its three-dimensional graphical illustrations 
from the first edition, which have been expanded and supplemented in the second 
and third editions. In the past, antenna texts have displayed the three-dimensional 
energy radiated by an antenna by a number of separate two-dimensional patterns. With 
the advent and revolutionary advances in digital computations and graphical displays, 
an additional dimension has been introduced for the first time in an undergraduate 
antenna text by displaying the radiated energy of a given radiator by a single three- 
dimensional graphical illustration. Such an image, formed by the graphical capabilities 
of the computer and available at most computational facilities, gives a clear view of 
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the energy radiated in all space surrounding the antenna. It is hoped that this will lead 
to a better understanding of the underlying principles of radiation and provide a clearer 
visualization of the pattern formation in all space. 

In addition, there is an abundance of general graphical illustrations, design data, 
references, and an expanded list of end-of-the chapter problems. Many of the principles 
are illustrated with examples, graphical illustrations, and physical arguments. Although 
students are often convinced that they understand the principles, difficulties arise when 
they attempt to use them. An example, especially a graphical illustration, can often 
better illuminate those principles. As they say, “a picture is worth a thousand words.” 

Numerical techniques and computer solutions are illustrated and encouraged. A 
number of MATLAB computer programs are included in the CD attached to the book. 
Each program is interactive and prompts the user to enter the data in a sequential man- 
ner. Some of these programs are translations of the FORTRAN ones that were included 
in the first and second editions. However, many new ones have been developed. Every 
chapter, other than Chapters 3 and 17, have at least one MATLAB computer program; 
some have as many as four. The outputs of the MATLAB programs include graphical 
illustrations and tabulated results. For completeness, the FORTRAN computer pro- 
grams are also included, although there is not as much interest in them. The computer 
programs can be used for analysis and design. Some of them are more of the design 
type while some of the others are of the analysis type. Associated with each program 
there is a READ ME file, which summarizes the respective program. 

The purpose of the Lecture Notes is to provide the instructors a copy of the text 
figures and some of the most important equations of each chapter. They can be used by 
the instructors in their lectures but need to be supplemented with additional narratives. 
The students can use them to listen to the instructors’ lectures, without having to take 
detailed notes, but can supplement them in the margins with annotations from the 
lectures. Each instructor will use the notes in a different way. 

The Interactive Questionnaires are intended as reviews of the material in each 
chapter. The student can use them to review for tests, exams, and so on. For each ques- 
tion. there are three possible answers, but only one is correct. If the reader chooses 
one of them and it the correct answer, it will so indicate. However, if the chosen 
answer is the wrong one, the program will automatically indicate the correct answer. 
An explanation button is provided, which gives a short narrative on the correct answer 
or indicates where in the book the correct answer can be found. 

The Animations can be used to illustrate some of the radiation characteristics, such 
as amplitude patterns, of some antenna types, like line sources, dipoles, loops, arrays, 
and horns. The Applets cover more chapters and can be used to examine some of the 
radiation characteristics (such as amplitude patterns, impedance, bandwidth, etc.) of 
some of the antennas. This can be accomplished very rapidly without having to resort 
to the MATLAB programs, which are more detailed. 

For course use, the text is intended primarily for a two-semester (or two- or three- 
quarter) sequence in antenna theory. The first course should be given at the senior 
undergraduate level, and should cover most of the material in Chapters 1 through 7, 
and Chapters 16 and 17. The material in Chapters 8 through 16 should be covered in a 
beginning graduate-level course. Selected chapters and sections from the book can be 
covered in a single semester, without loss of continuity. However, it is almost essential 
that most of the material in Chapters 2 through 6 be covered in the first course and 
before proceeding to any more advanced topics. To cover all the material of the text 
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in the proposed time frame would be, in some cases, a very ambitious task. Sufficient 
topics have been included, however, to make the text complete and to give the teacher 
the flexibility to emphasize, deemphasize, or omit sections or chapters. Some of the 
chapters and sections can be omitted without loss of continuity. 

In the entire book, an e''"‘ time variation is assumed, and it is suppressed. The Inter- 
national System of Units, which is an expanded form of the rationalized MKS system, 
is used in the text. In some cases, the units of length are in meters (or centimeters) 
and in feet (or inches). Numbers in parentheses () refer to equations, whereas those in 
brackets [] refer to references. For emphasis, the most important equations, once they 
are derived, are boxed. In some of the basic chapters, the most important equations 
are summarized in tables. 

I would like to acknowledge the invaluable suggestions from all those that con- 
tributed to the first and second editions, too numerous to mention here. Their names 
and contributions are stated in the respective editions. It is a pleasure to acknowl- 
edge the invaluable suggestions and constructive criticisms of the reviewers of the 
third edition: Dr. Stuart A. Long of University of Houston, Dr. Christos Christodoulou 
of University of New Mexico, Dr. Leo Kempel of Michigan State, and Dr. Sergey 
N. Makarov of Worcester Polytechnic University. There have been many other con- 
tributors to this edition, and their contributions are valued and acknowledged. Many 
graduate and undergraduate students from Arizona State University who have written 
many of the MATLAB computer programs. Some of these programs were translated 
from the FORTRAN ones, which appeared in the first and second editions. How- 
ever a number of entirely new MATLAB programs have been created, which are 
included for the first time, and do not have a FORTRAN counterpart. The name(s) 
of the individual contributors to each program is included in the respective program. 
The author acknowledges Dr. Sava V. Savov of Technical University of Varna, Bul- 
garia, for the valuable discussions, contributions and figures related to the integration 
of equation (5-59) in closed form in terms of Bessel functions; Dr. Yahya Rahmat- 
Samii and Dr. John P. Gianvittorio of UCLA for the figures on Fractal antennas. I 
would like to thank Craig R. Birtcher of Arizona State University for proofreading 
part of the manuscript; Bo Yang of Arizona State University for proofreading part 
of the manuscript, revising a number of the MATLAB programs, and developing the 
flow chart for accessing the CD Multimedia material; and Razib S. Shishir of Arizona 
State University for developing all of the Java-based software, including the Interac- 
tive Questionnaires, Applets, and Animations. Special thanks to the many companies 
(Motorola, Inc., Northrop Grumman Corporation. March Microwave Systems, B.V., 
Ball Aerospace & Technologies Corporation, Samsung, Midland Radio Corporation. 
Winegard Company, Antenna Research Associates, Inc., Seavey Engineering Asso- 
ciates, Inc., and TCI, A Dielectric Company) for providing photos, illustrations, and 
copyright permissions. The author acknowledges the long-term friendship and support 
from Dennis DeCarlo, George C. Barber, Dr. Karl Moeller, Dr. Brian McCabe, Dr. W. 
Dev Palmer, Michael C. Miller, Frank A. Cansler, and the entire AHE Program mem- 
bership, too long to be included here. The friendship and collaborative arrangements 
with Prof. Thodoros D. Tsiboukis and Prof. John N. Sahalos, both from the Aristotle 
University of Thessaloniki, Greece, are recognized and appreciated. The loyalty and 
friendship of my graduate students is acknowledged and valued. To all my teachers, 
thank you. You have been my role models and inspiration. 
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I am also grateful to the staff of John Wiley & Sons, Inc., especially George Telecki, 
Associate Publisher, Wiley-Interscience, for his interest, support, cooperation, and pro- 
duction of the third edition; Danielle Lacourciere, Associate Managing Editor, for the 
production of the book; and Rachel Witmer, Editorial Assistant, for managing the 
production of the cover. Finally, I must pay tribute to my family (Helen. Renie, and 
Stephanie) for their support, patience, sacrifice, and understanding for the many hours 
of neglect during the completion of the first, second, and third editions of this book. 
It has been a pleasant but daunting task. 
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Antennas 



1.1 INTRODUCTION 

An antenna is defined by Webster’s Dictionary as “a usually metallic device (as a rod 
or wire) for radiating or receiving radio waves.” The IEEE Standard Definitions of 
Terms for Antennas (IEEE Std 145-1983)* defines the antenna or aerial as “a means 
for radiating or receiving radio waves.” In other words the antenna is the transitional 
structure between free-space and a guiding device, as shown in Figure 1.1. The guiding 
device or transmission line may take the form of a coaxial line or a hollow pipe 
(waveguide), and it is used to transport electromagnetic energy from the transmitting 
source to the antenna, or from the antenna to the receiver. In the former case, we have 
a transmitting antenna and in the latter a receiving antenna. 

A transmission-line Thevenin equivalent of the antenna system of Figure 1 . 1 in the 
transmitting mode is shown in Figure 1.2 where the source is represented by an ideal 
generator, the transmission line is represented by a line with characteristic impedance 
Z c , and the antenna is represented by a load Z A [Z A — ( R, + R r ) + jX A \ connected 
to the transmission line. The Thevenin and Norton circuit equivalents of the antenna are 
also shown in Figure 2.27. The load resistance Rr is used to represent the conduction 
and dielectric losses associated with the antenna structure while R r , referred to as the 
radiation resistance, is used to represent radiation by the antenna. The reactance X A 
is used to represent the imaginary part of the impedance associated with radiation 
by the antenna. This is discussed more in detail in Sections 2.13 and 2.14. Under 
ideal conditions, energy generated by the source should be totally transferred to the 
radiation resistance R r , which is used to represent radiation by the antenna. However, 
in a practical system there are conduction-dielectric losses due to the lossy nature of 
the transmission line and the antenna, as well as those due to reflections (mismatch) 
losses at the interface between the line and the antenna. Taking into account the internal 
impedance of the source and neglecting line and reflection (mismatch) losses, maximum 



*IEEE Transactions on Antennas and Propagation, vols. AP-17, No. 3, May 1969; AP-22, No. 1, January 
1974; and AP-31, No. 6. Part II, November 1983. 
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2 ANTENNAS 
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Radiated free-space wave 



Figure 1.1 Antenna as a transition device. 



power is delivered to the antenna under conjugate matching. This is discussed in 
Section 2.13. 

The reflected waves from the interface create, along with the traveling waves 
from the source toward the antenna, constructive and destructive interference patterns, 
referred to as standing waves, inside the transmission line which represent pockets of 
energy concentrations and storage, typical of resonant devices. A typical standing wave 
pattern is shown dashed in Figure 1.2, while another is exhibited in Figure 1.15. If the 
antenna system is not properly designed, the transmission line could act to a large 
degree as an energy storage element instead of as a wave guiding and energy trans- 
porting device. If the maximum field intensities of the standing wave are sufficiently 
large, they can cause arching inside the transmission lines. 

The losses due to the line, antenna, and the standing waves are undesirable. The 
losses due to the line can be minimized by selecting low-loss lines while those of 
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Figure 1.2 Transmission-line Thevenin equivalent of antenna in transmitting mode. 



the antenna can be decreased by reducing the loss resistance represented by R L in 
Figure 1.2. The standing waves can be reduced, and the energy storage capacity of the 
line minimized, by matching the impedance of the antenna (load) to the characteris- 
tic impedance of the line. This is the same as matching loads to transmission lines, 
where the load here is the antenna, and is discussed more in detail in Section 9.7. 
An equivalent similar to that of Figure 1 .2 is used to represent the antenna system in 
the receiving mode where the source is replaced by a receiver. All other parts of the 
transmission-line equivalent remain the same. The radiation resistance R, is used to 
represent in the receiving mode the transfer of energy from the free- space wave to the 
antenna. This is discussed in Section 2.13 and represented by the Thevenin and Norton 
circuit equivalents of Figure 2.27. 

In addition to receiving or transmitting energy, an antenna in an advanced wireless 
system is usually required to optimize or accentuate the radiation energy in some 
directions and suppress it in others. Thus the antenna must also ser\>e as a directional 
device in addition to a probing device. It must then take various forms to meet the 
particular need at hand, and it may be a piece of conducting wire, an aperture, a patch, 
an assembly of elements (array), a reflector, a lens, and so forth. 

For wireless communication systems, the antenna is one of the most critical com- 
ponents. A good design of the antenna can relax system requirements and improve 
overall system performance. A typical example is TV for which the overall broad- 
cast reception can be improved by utilizing a high-performance antenna. The antenna 
serves to a communication system the same purpose that eyes and eyeglasses serve to 
a human. 

The field of antennas is vigorous and dynamic, and over the last 60 years antenna 
technology has been an indispensable partner of the communications revolution. Many 
major advances that occurred during this period are in common use today; however, 
many more issues and challenges are facing us today, especially since the demands 
for system performances are even greater. Many of the major advances in antenna 
technology that have been completed in the 1970s through the early 1990s, those that 
were under way in the early 1990s, and signals of future discoveries and breakthroughs 
were captured in a special issue of the Proceedings of the IEEE (Vol. 80, No. 1, January 
1992) devoted to Antennas. The introductory paper of this special issue [1] provides 
a carefully structured, elegant discussion of the fundamental principles of radiating 
elements and has been written as an introduction for the nonspecialist and a review 
for the expert. 
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Figure 1.3 Wire antenna configurations. 



1.2 TYPES OF ANTENNAS 

We will now introduce and briefly discuss some forms of the various antenna types in 
order to get a glance as to what will be encountered in the remainder of the book. 

1.2.1 Wire Antennas 

Wire antennas are familiar to the layman because they are seen virtually every- 
where — on automobiles, buildings, ships, aircraft, spacecraft, and so on. There are 
various shapes of wire antennas such as a straight wire (dipole), loop, and helix which 
are shown in Figure 1.3. Loop antennas need not only be circular. They may take the 
form of a rectangle, square, ellipse, or any other configuration. The circular loop is the 
most common because of its simplicity in construction. Dipoles are discussed in more 
detail in Chapter 4, loops in Chapter 5, and helices in Chapter 10. 

1.2.2 Aperture Antennas 

Aperture antennas may be more familiar to the layman today than in the past because of 
the increasing demand for more sophisticated forms of antennas and the utilization of 
higher frequencies. Some forms of aperture antennas are shown in Figure 1.4. Antennas 
of this type are very useful for aircraft and spacecraft applications, because they can be 
very conveniently flush-mounted on the skin of the aircraft or spacecraft. In addition, 
they can be covered with a dielectric material to protect them from hazardous conditions 
of the environment. Waveguide apertures are discussed in more detail in Chapter 12 
while horns are examined in Chapter 13. 

1.2.3 Microstrip Antennas 

Microstrip antennas became very popular in the 1970s primarily for spaceborne applica- 
tions. Today they are used for government and commercial applications. These antennas 
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(a) Pyramidal horn 




(b ) Conical horn 




(c) Rectangular waveguide 

Figure 1.4 Aperture antenna configurations. 



consist of a metallic patch on a grounded substrate. The metallic patch can take many 
different configurations, as shown in Figure 14.2. However, the rectangular and circular 
patches, shown in Figure 1.5, are the most popular because of ease of analysis and fab- 
rication. and their attractive radiation characteristics, especially low cross-polarization 
radiation. The microstrip antennas are low profile, comformable to planar and nonplanar 
surfaces, simple and inexpensive to fabricate using modem printed-circuit technology, 
mechanically robust when mounted on rigid surfaces, compatible with MMIC designs, 
and very versatile in terms of resonant frequency, polarization, pattern, and impedance. 
These antennas can be mounted on the surface of high-performance aircraft, spacecraft, 
satellites, missiles, cars, and even handheld mobile telephones. They are discussed in 
more detail in Chapter 14. 

1.2.4 Array Antennas 

Many applications require radiation characteristics that may not be achievable by a 
single element. It may, however, be possible that an aggregate of radiating elements 
in an electrical and geometrical arrangement (an array) will result in the desired 
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Figure 1.5 Rectangular and circular microstrip (patch) antennas. 

radiation characteristics. The arrangement of the array may be such that the radiation 
from the elements adds up to give a radiation maximum in a particular direction or 
directions, minimum in others, or otherwise as desired. Typical examples of arrays 
are shown in Figure 1.6. Usually the term array is reserved for an arrangement in 
which the individual radiators are separate as shown in Figures 1.6(a-c). Flowever the 
same term is also used to describe an assembly of radiators mounted on a continuous 
structure, shown in Figure 1.6(d). 

1.2.5 Reflector Antennas 

The success in the exploration of outer space has resulted in the advancement of antenna 
theory. Because of the need to communicate over great distances, sophisticated forms 
of antennas had to be used in order to transmit and receive signals that had to travel 
millions of miles. A very common antenna form for such an application is a parabolic 
reflector shown in Figures 1.7(a) and (b). Antennas of this type have been built with 
diameters as large as 305 m. Such large dimensions are needed to achieve the high 
gain required to transmit or receive signals after millions of miles of travel. Another 
form of a reflector, although not as common as the parabolic, is the comer reflector, 
shown in Figure 1.7(c). These antennas are examined in detail in Chapter 15. 
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(a) Yagi-Uda array 
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(c) Microstrip patch array 




Figure 1.6 Typical wire, aperture, and microstrip array configurations. 



1.2.6 Lens Antennas 

Lenses are primarily used to collimate incident divergent energy to prevent it from 
spreading in undesired directions. By properly shaping the geometrical configuration 
and choosing the appropriate material of the lenses, they can transform various forms 
of divergent energy into plane waves. They can be used in most of the same applica- 
tions as are the parabolic reflectors, especially at higher frequencies. Their dimensions 
and weight become exceedingly large at lower frequencies. Lens antennas are classi- 
fied according to the material from which they are constructed, or according to their 
geometrical shape. Some forms are shown in Figure 1.8 [2], 

In summary, an ideal antenna is one that will radiate all the power delivered to it 
from the transmitter in a desired direction or directions. In practice, however, such 
ideal performances cannot be achieved but may be closely approached. Various types 
of antennas are available and each type can take different forms in order to achieve the 
desired radiation characteristics for the particular application. Throughout the book, 
the radiation characteristics of most of these antennas are discussed in detail. 



1.3 RADIATION MECHANISM 

One of the first questions that may be asked concerning antennas would be “how is 
radiation accomplished?” In other words, how are the electromagnetic fields generated 
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Reflector 



(a) Parabolic reflector with front feed 





(b) Parabolic reflector with Cassegrain feed 




(c) Corner reflector 

Figure 1.7 Typical reflector configurations. 




Convex-plane Convex-convex Convex-concave 

(a) Lens antennas with index of refraction n > 1 




Concave-plane Concave-concave Concave-convex 

(bl Lens antennas with index of refraction n < 1 







Figure 1.8 Typical lens antenna configurations, (source: L. V. Blake, Antennas, Wiley, New 
York, 1966). 
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by the source, contained and guided within the transmission line and antenna, and 
finally “detached” from the antenna to form a free-space wave? The best explanation 
may be given by an illustration. However, let us first examine some basic sources 
of radiation. 

1.3.1 Single Wire 

Conducting wires are material whose prominent characteristic is the motion of electric 
charges and the creation of current flow. Let us assume that an electric volume charge 
density, represented by q v (coulombs/m 3 ), is distributed uniformly in a circular wire 
of cross-sectional area A and volume V, as shown in Figure 1.9. The total charge Q 
within volume V is moving in the z direction with a uniform velocity v z (meters/sec). 
It can be shown that the current density J z (anrperes/m 2 ) over the cross section of the 
wire is given by [3] 

J z — q v v z (l-la) 

If the wire is made of an ideal electric conductor, the current density J s (amperes/nr) 
resides on the surface of the wire and it is given by 

J s tfs^Z (l - H-0 

where q s (coulombs/m 2 ) is the surface charge density. If the wire is very thin (ideally 
zero radius), then the current in the wire can be represented by 

h = qiv z (1-lc) 

where q t (coulombs/m) is the charge per unit length. 

Instead of examining all three current densities, we will primarily concentrate on 
the very thin wire. The conclusions apply to all three. If the current is time varying, 
then the derivative of the current of (1-lc) can be written as 

dL dvr 

-77 = qi-r- = qi a z (1-2) 




Figure 1.9 Charge uniformly distributed in a circular cross section cylinder wire. 



10 ANTENNAS 



where dv z /dt — a z (meters/sec 2 ) is the acceleration. If the wire is of length /, then 
(1-2) can be written as 



clL 



dv 7 



l lq, lqia z 

dt dt 



(1-3) 



Equation (1-3) is the basic relation between current and charge, and it also serves as the 
fundamental relation of electromagnetic radiation [4], [5]. It simply states that to create 
radiation, there must be a time-varying current or an acceleration ( or deceleration ) of 
charge. We usually refer to currents in time-harmonic applications while charge is most 
often mentioned in transients. To create charge acceleration (or deceleration) the wire 
must be curved, bent, discontinuous, or terminated [1], [4]. Periodic charge acceleration 
(or deceleration) or time-varying current is also created when charge is oscillating in 
a time-harmonic motion, as shown in Figure 1.17 for a A./2 dipole. Therefore: 

1 . If a charge is not moving, current is not created and there is no radiation. 

2. If charge is moving with a uniform velocity: 

a. There is no radiation if the wire is straight, and infinite in extent. 

b. There is radiation if the wire is curved, bent, discontinuous, terminated, or 
truncated, as shown in Figure 1.10. 

3. If charge is oscillating in a time-motion, it radiates even if the wire is straight. 

A qualitative understanding of the radiation mechanism may be obtained by consid- 
ering a pulse source attached to an open-ended conducting wire, which may be con- 
nected to the ground through a discrete load at its open end, as shown in Figure 1.10(d). 
When the wire is initially energized, the charges (free electrons) in the wire are set in 
motion by the electrical lines of force created by the source. When charges are accel- 
erated in the source-end of the wire and decelerated (negative acceleration with respect 
to original motion) during reflection from its end, it is suggested that radiated fields 
are produced at each end and along the remaining part of the wire, [1], [4], Stronger 
radiation with a more broad frequency spectrum occurs if the pulses are of shorter or 
more compact duration while continuous time-harmonic oscillating charge produces, 
ideally, radiation of single frequency determined by the frequency of oscillation. The 
acceleration of the charges is accomplished by the external source in which forces set 
the charges in motion and produce the associated field radiated. The deceleration of the 
charges at the end of the wire is accomplished by the internal (self) forces associated 
with the induced held due to the buildup of charge concentration at the ends of the wire. 
The internal forces receive energy from the charge buildup as its velocity is reduced to 
zero at the ends of the wire. Therefore, charge acceleration due to an exciting electric 
held and deceleration due to impedance discontinuities or smooth curves of the wire 
are mechanisms responsible for electromagnetic radiation. While both current density 
(J f ) and charge density (q v ) appear as source terms in Maxwell’s equation, charge is 
viewed as a more fundamental quantity, especially for transient helds. Even though 
this interpretation of radiation is primarily used for transients, it can be used to explain 
steady state radiation [4], 
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(c) Discontinuous 




(e) Truncated 



Figure 1.10 Wire configurations for radiation. 



1.3.2 Two-Wires 

Let us consider a voltage source connected to a two-conductor transmission line which 
is connected to an antenna. This is shown in Figure 1.11(a). Applying a voltage across 
the two-conductor transmission line creates an electric field between the conductors. 
The electric field has associated with it electric lines of force which are tangent to 
the electric field at each point and their strength is proportional to the electric field 
intensity. The electric lines of force have a tendency to act on the free electrons 
(easily detachable from the atoms) associated with each conductor and force them 
to be displaced. The movement of the charges creates a current that in turn creates 
a magnetic field intensity. Associated with the magnetic field intensity are magnetic 
lines of force which are tangent to the magnetic field. 

We have accepted that electric field lines start on positive charges and end on 
negative charges. They also can start on a positive charge and end at infinity, start at 
infinity and end on a negative charge, or form closed loops neither starting or ending on 
any charge. Magnetic field lines always form closed loops encircling current-carrying 
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Figure 1.11 Source, transmission line, antenna, and detachment of electric field lines. 



conductors because physically there are no magnetic charges. In some mathematical for- 
mulations, it is often convenient to introduce equivalent magnetic charges and magnetic 
currents to draw a parallel between solutions involving electric and magnetic sources. 

The electric field lines drawn between the two conductors help to exhibit the dis- 
tribution of charge. If we assume that the voltage source is sinusoidal, we expect the 
electric field between the conductors to also be sinusoidal with a period equal to that 
of the applied source. The relative magnitude of the electric field intensity is indicated 
by the density (bunching) of the lines of force with the arrows showing the relative 
direction (positive or negative). The creation of time-varying electric and magnetic 
fields between the conductors forms electromagnetic waves which travel along the 
transmission line, as shown in Figure 1.11(a). The electromagnetic waves enter the 
antenna and have associated with them electric charges and corresponding currents. If 
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we remove part of the antenna structure, as shown in Figure 1.11(b), free-space waves 
can be formed by “connecting” the open ends of the electric lines (shown dashed). 
The free-space waves are also periodic but a constant phase point P 0 moves outwardly 
with the speed of light and travels a distance of X /2 (to Pi ) in the time of one-half 
of a period. It has been shown [6] that close to the antenna the constant phase point 
P 0 moves faster than the speed of light but approaches the speed of light at points far 
away from the antenna (analogous to phase velocity inside a rectangular waveguide). 
Figure 1.12 displays the creation and travel of free-space waves by a prolate spheroid 
with X/2 interfocal distance where X is the wavelength. The free-space waves of a 
center-fed X/2 dipole, except in the immediate vicinity of the antenna, are essentially 
the same as those of the prolate spheroid. 

The question still unanswered is how the guided waves are detached from the 
antenna to create the free-space waves that are indicated as closed loops in Figures 1.11 
and 1.12. Before we attempt to explain that, let us draw a parallel between the guided 
and free-space waves, and water waves [7] created by the dropping of a pebble in a 
calm body of water or initiated in some other manner. Once the disturbance in the 
water has been initiated, water waves are created which begin to travel outwardly. If 
the disturbance has been removed, the waves do not stop or extinguish themselves but 
continue their course of travel. If the disturbance persists, new waves are continuously 
created which lag in their travel behind the others. The same is true with the electro- 
magnetic waves created by an electric disturbance. If the initial electric disturbance by 
the source is of a short duration, the created electromagnetic waves travel inside the 




Figure 1.12 Electric field lines of free-space wave for a X/2 antenna at t = 0, 778, 774, and 
3778. (source: J. D. Kraus, Electromagnetics, 4th ed., McGraw-Hill, New York, 1992. Reprinted 
with permission of J. D. Kraus and John D. Cowan, Jr.). 
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Figure 1.13 Electric field lines of free-space wave for biconical antenna. 



transmission line, then into the antenna, and finally are radiated as free-space waves, 
even if the electric source has ceased to exist (as was with the water waves and their 
generating disturbance). If the electric disturbance is of a continuous nature, electro- 
magnetic waves exist continuously and follow in their travel behind the others. This 
is shown in Figure 1.13 for a biconical antenna. When the electromagnetic waves are 
within the transmission line and antenna, their existence is associated with the pres- 
ence of the charges inside the conductors. However, when the waves are radiated, they 
form closed loops and there are no charges to sustain their existence. This leads us 
to conclude that electric charges are required to excite the fields but are not needed to 
sustain them and may exist in their absence. This is in direct analogy with water waves. 



1.3.3 Dipole 

Now let us attempt to explain the mechanism by which the electric lines of force are 
detached from the antenna to form the free-space waves. This will again be illustrated 
by an example of a small dipole antenna where the time of travel is negligible. This 
is only necessary to give a better physical interpretation of the detachment of the lines 
of force. Although a somewhat simplified mechanism, it does allow one to visualize 
the creation of the free-space waves. Figure 1.14(a) displays the lines of force created 
between the arms of a small center-fed dipole in the first quarter of the period during 
which time the charge has reached its maximum value (assuming a sinusoidal time 
variation) and the lines have traveled outwardly a radial distance 1 /4. For this example, 
let us assume that the number of lines formed are three. During the next quarter of 
the period, the original three lines travel an additional 1/4 (a total of 1/2 from the 
initial point) and the charge density on the conductors begins to diminish. This can be 
thought of as being accomplished by introducing opposite charges which at the end of 
the first half of the period have neutralized the charges on the conductors. The lines 
of force created by the opposite charges are three and travel a distance 1/4 during 
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(b) t = 37 2 (T= period) 




(c) / = 77 2 (T = period) 




Figure 1.14 Formation and detachment of electric field lines for short dipole. 



the second quarter of the first half, and they are shown dashed in Figure 1.14(b). 
The end result is that there are three lines of force pointed upward in the first X/4 
distance and the same number of lines directed downward in the second X/4. Since 
there is no net charge on the antenna, then the lines of force must have been forced 
to detach themselves from the conductors and to unite together to form closed loops. 
This is shown in Figure 1.14(c). In the remaining second half of the period, the same 
procedure is followed but in the opposite direction. After that, the process is repeated 
and continues indefinitely and electric field patterns, similar to those of Figure 1.12, 
are formed. 

1.3.4 Computer Animation-Visualization of Radiation Problems 

A difficulty that students usually confront is that the subject of electromagnetics 
is rather abstract, and it is hard to visualize electromagnetic wave propagation and 
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interaction. With today’s advanced numerical and computational methods, and anima- 
tion and visualization software and hardware, this dilemma can, to a large extent, be 
minimized. To address this problem, we have developed and included in this chapter 
computer programs to animate and visualize three radiation problems. Descriptions 
of the computer programs are found in the computer disc included in this book. Each 
problem is solved using the Finite-Difference Time-Domain (FD-TD) method [8] — [10], 
a method which solves Maxwell’s equations as a function of time in discrete time steps 
at discrete points in space. A picture of the fields can then be taken at each time step 
to create a movie which can be viewed as a function of time. Other animation and 
visualization software, referred to as applets, are included in the attached CD. 

The three radiation problems that are animated and can be visualized using the 
computer program of this chapter and included in the computer disc are: 

a. Infinite length line source (two-dimensional) excited by a single Gaussian pulse 
and radiating in an unbounded medium. 

b. Infinite length line source (two-dimensional) excited by a single Gaussian pulse 
and radiating inside a perfectly electric conducting (PEC) square cylinder. 

c. E-plane sectoral horn (two-dimensional form of Figure 13.2) excited by a contin- 
uous cosinusoidal voltage source and radiating in an unbounded medium. 

In order to animate and then visualize each of the three radiation problems, the user 
needs MATLAB [11] and the MATLAB M-file, found in the computer disc included in 
the book, to produce the corresponding FD-TD solution of each radiation problem. For 
each radiation problem, the M-File executed in MATLAB produces a movie by taking 
a picture of the computational domain every third time step. The movie is viewed as 
a function of time as the wave travels in the computational space. 

A. Infinite Line Source in an Unbounded Medium ( tm_open ) 

The first FD-TD solution is that of an infinite length line source excited by a single time- 
derivative Gaussian pulse, with a duration of approximately 0.4 nanoseconds, in a two- 
dimensional TM Z -computational domain. The unbounded medium is simulated using 
a six-layer Berenger Perfectly Matched Layer (PML) Absorbing Boundary Condition 
(ABC) [9], [10] to truncate the computational space at a finite distance without, in 
principle, creating any reflections. Thus, the pulse travels radially outward creating a 
traveling type of a wavefront. The outward moving wavefronts are easily identified 
using the coloring scheme for the intensity (or gray scale for black and white monitors) 
when viewing the movie. The movie is created by the MATLAB M-File which produces 
the FD-TD solution by taking a picture of the computational domain every third time 
step. Each time step is 5 picoseconds while each FD-TD cell is 3 mm on a side. 
The movie is 37 frames long covering 185 picoseconds of elapsed time. The entire 
computational space is 15.3 cm by 15.3 cm and is modeled by 2500 square FD-TD 
cells (50x50), including 6 cells to implement the PML ABC. 

B. Infinite Line Source in a PEC Square Cylinder ( tm_box ) 

This problem is simulated similarly as that of the line source in an unbounded medium, 
including the characteristics of the pulse. The major difference is that the computa- 
tional domain of this problem is truncated by PEC walls; therefore there is no need for 
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PML ABC. For this problem the pulse travels in an outward direction and is reflected 
when it reaches the walls of the cylinder. The reflected pulse along with the radi- 
ally outward traveling pulse interfere constructively and destructively with each other 
and create a standing type of a wavefront. The peaks and valleys of the modified 
wavefront can be easily identified when viewing the movie, using the colored or gray 
scale intensity schemes. Sufficient time is allowed in the movie to permit the pulse 
to travel from the source to the walls of the cylinder, return back to the source, and 
then return back to the walls of the cylinder. Each time step is 5 picoseconds and 
each FD-TD cell is 3 mm on a side. The movie is 70 frames long covering 350 
picoseconds of elapsed time. The square cylinder, and thus the computational space, 
has a cross section of 15.3 cm by 15.3 cm and is modeled using an area 50 by 50 
FD-TD cells. 

C. E -Plane Sectoral Horn in an Unbounded Medium (tejiorn) 

The E-plane sectoral horn is excited by a cosinusoidal voltage (CW) of 9.84 GHz in 
a TE Z computational domain, instead of the Gaussian pulse excitation of the previous 
two problems. The unbounded medium is implemented using an eight-layer Berenger 
PML ABC. The computational space is 25.4 cm by 25.4 cm and is modeled using 
100 by 100 FD-TD cells (each square cell being 2.54 mm on a side). The movie is 
70 frames long covering 296 picoseconds of elapsed time and is created by taking a 
picture every third frame. Each time step is 4.23 picoseconds in duration. The horn 
has a total flare angle of 52° and its flared section is 2.62 cm long, is fed by a parallel 
plate 1 cm wide and 4.06 cm long, and has an aperture of 3.56 cm. 



1 .4 CURRENT DISTRIBUTION ON A THIN WIRE ANTENNA 

In the preceding section we discussed the movement of the free electrons on the 
conductors representing the transmission line and the antenna. In order to illustrate the 
creation of the current distribution on a linear dipole, and its subsequent radiation, let 
us first begin with the geometry of a lossless two-wire transmission line, as shown 
in Figure 1.15(a). The movement of the charges creates a traveling wave current, of 
magnitude 7o/2, along each of the wires. When the current arrives at the end of each 
of the wires, it undergoes a complete reflection (equal magnitude and 180° phase 
reversal). The reflected traveling wave, when combined with the incident traveling 
wave, forms in each wire a pure standing wave pattern of sinusoidal form as shown 
in Figure 1.15(a). The current in each wire undergoes a 180° phase reversal between 
adjoining half-cycles. This is indicated in Figure 1.15(a) by the reversal of the arrow 
direction. Radiation from each wire individually occurs because of the time-varying 
nature of the current and the termination of the wire. 

For the two-wire balanced (symmetrical) transmission line, the current in a half- 
cycle of one wire is of the same magnitude but 180° out-of-phase from that in the 
corresponding half-cycle of the other wire. If in addition the spacing between the 
two wires is very small (5 A.), the fields radiated by the current of each wire are 

essentially cancelled by those of the other. The net result is an almost ideal (and 
desired) nonradiating transmission line. 

As the section of the transmission line between 0 < z < 1/2 begins to flare, as shown 
in Figure 1.15(b), it can be assumed that the current distribution is essentially unaltered 
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(a) Two-wire transmission line 




Figure 1.15 Current distribution on a lossless two-wire transmission line, flared transmission 
line, and linear dipole. 



in form in each of the wires. However, because the two wires of the flared section 
are not necessarily close to each other, the fields radiated by one do not necessarily 
cancel those of the other. Therefore ideally there is a net radiation by the transmission- 
line system. 

Ultimately the flared section of the transmission line can take the form shown in 
Figure 1.15(c). This is the geometry of the widely used dipole antenna. Because of 
the standing wave current pattern, it is also classified as a standing wave antenna 
(as contrasted to the traveling wave antennas which will be discussed in detail in 
Chapter 10). If l < A, the phase of the current standing wave pattern in each arm is the 
same throughout its length. In addition, spatially it is oriented in the same direction as 
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that of the other arm as shown in Figure 1.15(c). Thus the fields radiated by the two 
arms of the dipole (vertical parts of a flared transmission line) will primarily reinforce 
each other toward most directions of observation (the phase due to the relative position 
of each small part of each arm must also be included for a complete description of the 
radiation pattern formation). 

If the diameter of each wire is very small (d A), the ideal standing wave pattern 
of the current along the arms of the dipole is sinusoidal with a null at the end. How- 
ever, its overall form depends on the length of each arm. For center-fed dipoles with 
/ 1, 1 — 1/2, 1/2 < 1 < X and X < 1 <31/2, the current patterns are illustrated in 

Figures 1.16(a-d). The current pattern of a very small dipole (usually 1/50 < / < 
1/10) can be approximated by a triangular distribution since sin(&//2 ) ~ kl/2 when 
kl/2 is very small. This is illustrated in Figure 1.16(a). 

Because of its cyclical spatial variations, the current standing wave pattern of a 
dipole longer than 1(1 > 1) undergoes 180° phase reversals between adjoining half- 
cycles. Therefore the current in all parts of the dipole does not have the same phase. 
This is demonstrated graphically in Figure 1.16(d) for 1 < l < 31/2. In turn, the fields 
radiated by some parts of the dipole will not reinforce those of the others. As a result, 




(d) A</< 3X/2 

Figure 1.16 Current distribution on linear dipoles. 
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Figure 1.17 Current distribution on a A/2 wire antenna for different times. 




significant interference and cancelling effects will be noted in the formation of the total 
radiation pattern. See Figure 4.11 for the pattern of a A/2 dipole and Figure 4.7 for 
that of a 1.25A dipole. 

For a time-harnronic varying system of radian frequency co — 2: xf , the current 
standing wave patterns of Figure 1.16 represent the maximum current excitation for 
any time. The current variations, as a function of time, on a A/2 center-fed dipole are 
shown in Figure 1.17 for 0 < t < T /2 where T is the period. These variations can be 
obtained by multiplying the current standing wave pattern of Figure 1.16(b) by cos(cut). 



1 .5 HISTORICAL ADVANCEMENT 

The history of antennas [12] dates back to James Clerk Maxwell who unified the 
theories of electricity and magnetism, and eloquently represented their relations through 
a set of profound equations best known as Maxwell’s Equations. His work was first 
published in 1873 [13]. He also showed that light was electromagnetic and that both 
light and electromagnetic waves travel by wave disturbances of the same speed. In 
1886, Professor Heinrich Rudolph Hertz demonstrated the first wireless electromagnetic 
system. He was able to produce in his laboratory at a wavelength of 4 m a spark in 
the gap of a transmitting A/2 dipole which was then detected as a spark in the gap of 
a nearby loop. It was not until 1901 that Guglielmo Marconi was able to send signals 
over large distances. He performed, in 1901, the first transatlantic transmission from 
Poldhu in Cornwall, England, to St. John’s Newfoundland. His transmitting antenna 
consisted of 50 vertical wires in the form of a fan connected to ground through a 
spark transmitter. The wires were supported horizontally by a guyed wire between two 
60-m wooden poles. The receiving antenna at St. John's was a 200-m wire pulled and 
supported by a kite. This was the dawn of the antenna era. 

From Marconi’s inception through the 1940s, antenna technology was primarily 
centered on wire related radiating elements and frequencies up to about UHF. It was 
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not until World War II that modern antenna technology was launched and new elements 
(such as waveguide apertures, horns, reflectors) were primarily introduced. Much of 
this work is captured in the book by Silver [14]. A contributing factor to this new era 
was the invention of microwave sources (such as the klystron and magnetron) with 
frequencies of 1 GHz and above. 

While World War II launched a new era in antennas, advances made in com- 
puter architecture and technology during the 1960s through the 1990s have had a 
major impact on the advance of modern antenna technology, and they are expected 
to have an even greater influence on antenna engineering into the twenty-first cen- 
tury. Beginning primarily in the early 1960s, numerical methods were introduced that 
allowed previously intractable complex antenna system configurations to be analyzed 
and designed very accurately. In addition, asymptotic methods for both low frequencies 
(e.g., Moment Method (MM), Finite-Difference, Finite-Element) and high frequencies 
(e.g., Geometrical and Physical Theories of Diffraction) were introduced, contributing 
significantly to the maturity of the antenna field. While in the past antenna design 
may have been considered a secondary issue in overall system design, today it plays 
a critical role. In fact, many system successes rely on the design and performance 
of the antenna. Also, while in the first half of this century antenna technology may 
have been considered almost a “cut and try" operation, today it is truly an engineering 
art. Analysis and design methods are such that antenna system performance can be 
predicted with remarkable accuracy. In fact, many antenna designs proceed directly 
from the initial design stage to the prototype without intermediate testing. The level 
of confidence has increased tremendously. 

The widespread interest in antennas is reflected by the large number of books writ- 
ten on the subject [15]. These have been classified under four categories: Fundamental, 
Handbooks, Measurements, and Specialized. This is an outstanding collection of books, 
and it reflects the popularity of the antenna subject, especially since the 1950s. Because 
of space limitations, only a partial list is included here [2], [5], [7], [ 16] — [39], includ- 
ing the first and second editions of this book in 1982, 1997. Some of these books are 
now out of print. 

1.5.1 Antenna Elements 

Prior to World War II most antenna elements were of the wire type (long wires, 
dipoles, helices, rhombuses, fans, etc.), and they were used either as single elements 
or in arrays. During and after World War II, many other radiators, some of which 
may have been known for some and others of which were relatively new, were put 
into service. This created a need for better understanding and optimization of their 
radiation characteristics. Many of these antennas were of the aperture type (such as 
open-ended waveguides, slots, horns, reflectors, lenses), and they have been used for 
communication, radar, remote sensing, and deep space applications both on airborne 
and earth-based platforms. Many of these operate in the microwave region and are 
discussed in Chapters 12, 13, 15 and in [40]. 

Prior to the 1950s, antennas with broadband pattern and impedance characteristics 
had bandwidths not much greater than about 2:1. In the 1950s, a breakthrough in 
antenna evolution was created which extended the maximum bandwidth to as great 
as 40:1 or more. Because the geometries of these antennas are specified by angles 
instead of linear dimensions, they have ideally an infinite bandwidth. Therefore, they 
are referred to as frequency independent. These antennas are primarily used in the 
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10-10,000 MHz region in a variety of applications including TV, point-to-point com- 
munications, feeds for reflectors and lenses, and many others. This class of antennas 
is discussed in more detail in Chapter 11 and in [41]. 

It was not until almost 20 years later that a fundamental new radiating element, 
which has received a lot of attention and many applications since its inception, was 
introduced. This occurred in the early 1970s when the microstrip or patch antennas was 
reported. This element is simple, lightweight, inexpensive, low profile, and conformal 
to the surface. These antennas are discussed in more detail in Chapter 14 and in [42], 

Major advances in millimeter wave antennas have been made in recent years, including 
integrated antennas where active and passive circuits are combined with the radiating 
elements in one compact unit (monolithic form). These antennas are discussed in [43]. 

Specific radiation pattern requirements usually cannot be achieved by single antenna 
elements, because single elements usually have relatively wide radiation patterns and 
low values of directivity. To design antennas with very large directivities, it is usually 
necessary to increase the electrical size of the antenna. This can be accomplished by 
enlarging the electrical dimensions of the chosen single element. However, mechanical 
problems are usually associated with very large elements. An alternative way to achieve 
large directivities, without increasing the size of the individual elements, is to use multiple 
single elements to form an array. An array is a sampled version of a very large single 
element. In an array, the mechanical problems of large single elements are traded for the 
electrical problems associated with the feed networks of arrays. However, with today’s 
solid-state technology, very efficient and low-cost feed networks can be designed. 

Arrays are the most versatile of antenna systems. They find wide applications not only 
in many spaceborne systems, but in many earthbound missions as well. In most cases, the 
elements of an array are identical; this is not necessary, but it is often more convenient, 
simpler, and more practical. With arrays, it is practical not only to synthesize almost any 
desired amplitude radiation pattern, but the main lobe can be scanned by controlling the 
relative phase excitation between the elements. This is most convenient for applications 
where the antenna system is not readily accessible, especially for spaceborne missions. 
The beamwidth of the main lobe along with the side lobe level can be controlled by 
the relative amplitude excitation (distribution) between the elements of the array. In fact, 
there is a trade-off between the beamwidth and the side lobe level based on the amplitude 
distribution. Analysis, design, and synthesis of arrays are discussed in Chapters 6 and 7. 
However, advances in array technology are reported in [44] -[48]. 

A new antenna array design referred to as smart antenna , based on basic technol- 
ogy of the 1970s and 1980s, is sparking interest especially for wireless applications. 
This antenna design, which combines antenna technology with that of digital signal 
processing (DSP), is discussed in some detail in Chapter 16. 

1 .5.2 Methods of Analysis 

There is plethora of antenna elements, many of which exhibit intricate configurations. 
To analyze each as a boundary-value problem and obtain solutions in closed form, the 
antenna structure must be described by an orthogonal curvilinear coordinate system. 
This places severe restrictions on the type and number of antenna systems that can be 
analyzed using such a procedure. Therefore, other exact or approximate methods are 
often pursued. Two methods that in the last three decades have been preeminent in the 
analysis of many previously intractable antenna problems are the Integral Equation 
(IE) method and the Geometrical Theory of Diffraction (GTD). 
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The Integral Equation method casts the solution to the antenna problem in the form 
of an integral (hence its name) where the unknown, usually the induced current density, 
is part of the integrand. Numerical techniques, such as the Moment Method (MM), are 
then used to solve for the unknown. Once the current density is found, the radiation 
integrals of Chapter 3 are used to find the fields radiated and other systems parameters. 
This method is most convenient for wire-type antennas and more efficient for structures 
that are small electrically. One of the first objectives of this method is to formulate the 
IE for the problem at hand. In general, there are two type of IE’s. One is the Electric 
Field Integral Equation (EFIE), and it is based on the boundary condition of the total 
tangential electric field. The other is the Magnetic Field Integral Equation (MFIE), and 
it is based on the boundary condition that expresses the total electric current density 
induced on the surface in terms of the incident magnetic field. The MFIE is only valid 
for closed surfaces. For some problems, it is more convenient to formulate an EFIE, 
while for others it is more appropriate to use an MFIE. Advances, applications, and 
numerical issues of these methods are addressed in Chapter 8 and in [3] and [49]. 

When the dimensions of the radiating system are many wavelengths, low-frequency 
methods are not as computationally efficient. However, high-frequency asymptotic 
techniques can be used to analyze many problems that are otherwise mathematically 
intractable. One such method that has received considerable attention and application 
over the years is the GTD, which is an extension of geometrical optics (GO), and it 
overcomes some of the limitations of GO by introducing a diffraction mechanism. The 
Geometrical Theory of Diffraction is briefly discussed in Section 12.10. However, a 
detailed treatment is found in Chapter 13 of [3] while recent advances and applications 
are found in [50] and [51]. 

For structures that are not convenient to analyze by either of the two methods, a 
combination of the two is often used. Such a technique is referred to as a hybrid method , 
and it is described in detail in [52]. Another method, which has received a lot of attention 
in scattering, is the Finite-Difference Time-Domain (FDTD). This method has also been 
applied to antenna radiation problems [53] -[56]. A method that is beginning to gain 
momentum in its application to antenna problems is the Finite Element Method [57] - [6 1 ] . 

1.5.3 Some Future Challenges 

Antenna engineering has enjoyed a very successful period during the 1940s- 1990s. 
Re sponsible for its success have been the introduction and technological advances of some 
new elements of radiation, such as aperture antennas, reflectors, frequency independent 
antennas, and microstrip antennas. Excitement has been created by the advancement of the 
low-frequency and high-frequency asymptotic methods, which has been instrumental in 
analyzing many previously intractable problems. A major factor in the success of antenna 
technology has been the advances in computer architecture and numerical computation 
methods. Today antenna engineering is considered a truly fine engineering art. 

Although a certain level of maturity has been attained, there are many challenging 
opportunities and problems to be solved. Phased array architecture integrating monolithic 
MIC technology is still a most challenging problem. Integration of new materials, such 
as metamaterials [62], artificial magnetic conductors and soft/liard surfaces [63], into 
antenna technology offers many opportunities, and asymptotic methods will play key roles 
in their incorporation and system performance. Computational electromagnetics using 
supercomputing and parallel computing capabilities will model complex electromagnetic 
wave interactions, in both the frequency and time domains. Innovative antenna designs. 
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such as those using smart antennas [64], and multifunction, reconfigurable antennas and 
antenna systems [65], to perform complex and demanding system functions remain a 
challenge. New basic elements are always welcome and offer refreshing opportunities. 
New applications include, but are not limited to wireless communications, direct broadcast 
satellite systems, global positioning satellites (GPS), high-accuracy airborne navigation, 
global weather, earth resource systems, and others. Because of the many new applications, 
the lower portion of the EM spectrum has been saturated and the designs have been pushed 
to higher frequencies, including the millimeter wave frequency bands. 

I. 6 MULTIMEDIA 

In the CD that is part of this book, the following multimedia resources related to this 
chapter are included: 

a. Java-based interactive questionnaire with answers. 

b. Three Matlab-based animation-visualization programs designated 

• tmopen 

• tmbox 

• tejiorn 

which are described in detail in Section 1.3.4 and the corresponding READ ME 

hie of the attached CD. 

c. Power Point (PPT) viewgraphs. 
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Fundamental Parameters of Antennas 



2.1 INTRODUCTION 

To describe the performance of an antenna, definitions of various parameters are neces- 
sary. Some of the parameters are interrelated and not all of them need be specified for 
complete description of the antenna performance. Parameter definitions will be given 
in this chapter. Many of those in quotation marks are from the IEEE Standard Defini- 
tions of Terms for Antennas (IEEE Std 145-1983).* This is a revision of the IEEE Std 
145-1973. 



2.2 RADIATION PATTERN 

An antenna radiation pattern or antenna pattern is defined as “a mathematical function 
or a graphical representation of the radiation properties of the antenna as a function 
of space coordinates. In most cases, the radiation pattern is determined in the far- 
field region and is represented as a function of the directional coordinates. Radiation 
properties include power flux density, radiation intensity, field strength, directivity, 
phase or polarization.” The radiation property of most concern is the two- or three- 
dimensional spatial distribution of radiated energy as a function of the observer’s 
position along a path or surface of constant radius. A convenient set of coordinates 
is shown in Figure 2.1. A trace of the received electric (magnetic) field at a constant 
radius is called the amplitude field pattern. On the other hand, a graph of the spatial 
variation of the power density along a constant radius is called an amplitude power 
pattern. 

Often the field and power patterns are normalized with respect to their maximum 
value, yielding normalized field and power patterns. Also, the power pattern is usually 
plotted on a logarithmic scale or more commonly in decibels (dB). This scale is usually 
desirable because a logarithmic scale can accentuate in more details those parts of the 



*1EEE Transactions on Antennas and Propagation , Vols. AP-17, No. 3, May 1969; Vol. AP-22, No. 1, 
January 1974; and Vol. AP-31, No. 6, Part II, November 1983. 
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Figure 2.1 Coordinate system for antenna analysis. 



pattern that have very low values, which later we will refer to as minor lobes. For an 
antenna, the 

a. field pattern (in linear scale) typically represents a plot of the magnitude of the 
electric or magnetic field as a function of the angular space. 

b. power pattern (in linear scale ) typically represents a plot of the square of the 
magnitude of the electric or magnetic field as a function of the angular space. 

c. power pattern (in dB) represents the magnitude of the electric or magnetic field, 
in decibels, as a function of the angular space. 

To demonstrate this, the two-dimensional normalized field pattern (plotted in linear 
scale), power pattern (plotted in linear scale), and power pattern (plotted on a log- 
arithmic dB scale) of a 10-element linear antenna array of isotropic sources, with a 
spacing of d — 0.25/, between the elements, are shown in Figure 2.2. In this and sub- 
sequent patterns, the plus (+) and minus (—) signs in the lobes indicate the relative 
polarization of the amplitude between the various lobes, which changes (alternates) 
as the nulls are crossed. To find the points where the pattern achieves its half-power 
(—3 dB points), relative to the maximum value of the pattern, you set the value of the 

a. field pattern at 0.707 value of its maximum, as shown in Figure 2.2(a) 

b. power pattern (in a linear scale) at its 0.5 value of its maximum, as shown in 
Figure 2.2(b) 

c. power pattern (in dB) at —3 dB value of its maximum, as shown in Figure 2.2(c). 
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(a) Field pattern (in linear scale) 
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Figure 2.2 Two-dimensional normalized field pattern ( linear scale), power pattern ( linear 
scale), and power pattern (in dB) of a 10-element linear array with a spacing of d = 0.25X. 



All three patterns yield the same angular separation between the two half-power points, 
38.64°, on their respective patterns, referred to as HPBW and illustrated in Figure 2.2. 
This is discussed in detail in Section 2.5. 

In practice, the three-dimensional pattern is measured and recorded in a series of 
two-dimensional patterns. However, for most practical applications, a few plots of the 
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pattern as a function of 6 for some particular values of <p, plus a few plots as a function 
of 0 for some particular values of 6, give most of the useful and needed information. 



2.2.1 Radiation Pattern Lobes 

Various parts of a radiation pattern are referred to as lobes, which may be subclassified 
into major or main, minor, side, and back lobes. 

A radiation lobe is a “portion of the radiation pattern bounded by regions of 
relatively weak radiation intensity.” Figure 2.3(a) demonstrates a symmetrical three- 
dimensional polar pattern with a number of radiation lobes. Some are of greater 
radiation intensity than others, but all are classified as lobes. Figure 2.3(b) illustrates 



2 





Figure 2.3 (a) Radiation lobes and beamwidths of an antenna pattern, (b) Linear plot of power 

pattern and its associated lobes and beamwidths. 
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a linear two-dimensional pattern [one plane of Figure 2.3(a)] where the same pattern 
characteristics are indicated. 

MATLAB-based computer programs, designated as polar and spherical , have been 
developed and are included in the CD of this book. These programs can be used to 
plot the two-dimensional patterns, both polar and semipolar {in linear and dB scales), 
in polar form and spherical three-dimensional patterns {in linear and dB scales). A 
description of these programs is found in the attached CD. Other programs that have 
been developed for plotting rectangular and polar plots are those of [1] — [3]. 

A major lobe (also called main beam) is defined as “the radiation lobe containing 
the direction of maximum radiation.” In Figure 2.3 the major lobe is pointing in the 
0 = 0 direction. In some antennas, such as split-beam antennas, there may exist more 
than one major lobe. A minor lobe is any lobe except a major lobe. In Figures 2.3(a) 
and (b) all the lobes with the exception of the major can be classified as minor lobes. 
A side lobe is “a radiation lobe in any direction other than the intended lobe.” (Usually 
a side lobe is adjacent to the main lobe and occupies the hemisphere in the direction 
of the main beam.) A back lobe is “a radiation lobe whose axis makes an angle of 
approximately 180° with respect to the beam of an antenna.” Usually it refers to a 
minor lobe that occupies the hemisphere in a direction opposite to that of the major 
(main) lobe. 

Minor lobes usually represent radiation in undesired directions, and they should be 
minimized. Side lobes are normally the largest of the minor lobes. The level of minor 
lobes is usually expressed as a ratio of the power density in the lobe in question to 
that of the major lobe. This ratio is often termed the side lobe ratio or side lobe level. 
Side lobe levels of —20 dB or smaller are usually not desirable in most applications. 







Figure 2.4 Normalized three-dimensional amplitude field pattern {in linear scale) of a 10-ele- 
ment linear array antenna with a uniform spacing of d = 0.25k and progressive phase shift 
/S = —0.6jt between the elements. 
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Attainment of a side lobe level smaller than —30 dB usually requires very careful 
design and construction. In most radar systems, low side lobe ratios are very important 
to minimize false target indications through the side lobes. 

A normalized three-dimensional far-held amplitude pattern, plotted on a linear scale, 
of a 10-elenrent linear antenna array of isotropic sources with a spacing of d = 0.25a 
and progressive phase shift p — — 0.6n, between the elements is shown in Figure 2.4. It 
is evident that this pattern has one major lobe, five minor lobes and one back lobe. The 
level of the side lobe is about — 9 dB relative to the maximum. A detailed presentation 
of arrays is found in Chapter 6. For an amplitude pattern of an antenna, there would 
be, in general, three electric-held components (E r , Eg, E ( j,) at each observation point 
on the surface of a sphere of constant radius r — r c , as shown in Figure 2.1. In the far 
held, the radial E r component for all antennas is zero or vanishingly small compared 
to either one, or both, of the other two components (see Section 3.6 of Chapter 3). 
Some antennas, depending on their geometry and also observation distance, may have 
only one, two, or all three components. In general, the magnitude of the total electric 
held would be |E| = ^/\E r \ 2 + \E e \ 2 + |£^| 2 . The radial distance in Figure 2.4, and 
similar ones, represents the magnitude of |E|. 

2.2.2 Isotropic, Directional, and Omnidirectional Patterns 

An isotropic radiator is dehned as “a hypothetical lossless antenna having equal radia- 
tion in all directions.” Although it is ideal and not physically realizable, it is often 




Figure 2.5 Principal E- and H - plane patterns for a pyramidal horn antenna. 
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taken as a reference for expressing the directive properties of actual antennas. A 
directional antenna is one “having the property of radiating or receiving electromag- 
netic waves more effectively in some directions than in others. This term is usually 
applied to an antenna whose maximum directivity is significantly greater than that 
of a half-wave dipole.” Examples of antennas with directional radiation patterns are 
shown in Figures 2.5 and 2.6. It is seen that the pattern in Figure 2.6 is nondirec- 
tional in the azimuth plane [/(0), 6 — n/2\ and directional in the elevation plane 
[g(0), 0 = constant]. This type of a pattern is designated as omnidirectional, and it 
is defined as one “having an essentially nondirectional pattern in a given plane (in 
this case in azimuth) and a directional pattern in any orthogonal plane (in this case in 
elevation).” An omnidirectional pattern is then a special type of a directional pattern. 

2.2.3 Principal Patterns 

For a linearly polarized antenna, performance is often described in terms of its principal 
E- and //-plane patterns. The E-plane is defined as “the plane containing the electric- 
field vector and the direction of maximum radiation,” and the El-plane as “the plane 
containing the magnetic-field vector and the direction of maximum radiation.” Although 
it is very difficult to illustrate the principal patterns without considering a specific 
example, it is the usual practice to orient most antennas so that at least one of the 
principal plane patterns coincide with one of the geometrical principal planes. An 
illustration is shown in Figure 2.5. For this example, the x-z plane (elevation plane; 
0 — 0) is the principal E -plane and the x-y plane (azimuthal plane; 6 — jt/2) is the 
principal //-plane. Other coordinate orientations can be selected. 

The omnidirectional pattern of Figure 2.6 has an infinite number of principal E-planes 
(elevation planes; 0 = 0 C ) and one principal //-plane (azimuthal plane; 6 — 90°). 




Figure 2.6 Omnidirectional antenna pattern. 
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Far-field (Fraunhofer) 
region 



Radiating near-field (Fresnel) region 

Reactive 
near-field region 



T_l 




/q = 0.62 Vd 3 /! 

R 2 =2D 2 /l 



Figure 2.7 Field regions of an antenna. 



2.2.4 Field Regions 

The space surrounding an antenna is usually subdivided into three regions: (a) reactive 
near- field, (b) radiating near-field (Fresnel) and (c) far-held (Fraunhofer) regions as 
shown in Figure 2.7. These regions are so designated to identify the held structure in 
each. Although no abrupt changes in the held configurations are noted as the bound- 
aries are crossed, there are distinct differences among them. The boundaries separating 
these regions are not unique, although various criteria have been established and are 
commonly used to identify the regions. 

Reactive near-field region is dehned as "that portion of the near-held region imme- 
diately surrounding the antenna wherein the reactive held predominates.” For most 
antennas, the outer boundary of this region is commonly taken to exist at a distance R < 
0.62 D 3 /X from the antenna surface, where X is the wavelength and D is the largest 
dimension of the antenna. "For a very short dipole, or equivalent radiator, the outer 
boundary is commonly taken to exist at a distance X/2n from the antenna surface.” 

Radiating near-field ( Fresnel ) region is dehned as “that region of the held of an 
antenna between the reactive near-held region and the far-held region wherein radiation 
helds predominate and wherein the angular held distribution is dependent upon the dis- 
tance from the antenna. If the antenna has a maximum dimension that is not large com- 
pared to the wavelength, this region may not exist. For an antenna focused at inhnity, 
the radiating near-held region is sometimes referred to as the Fresnel region on the basis 
of analogy to optical terminology. If the antenna has a maximum overall dimension 
which is very small compared to the wavelength, this held region may not exist.” The 
inner boundary is taken to be the distance R > 0.62 v //>’/7. and the outer boundary the 
distance R < ID 2 /X where D is the largest* dimension of the antenna. This criterion is 
based on a maximum phase error of tt/8. In this region the held pattern is, in general, 
a function of the radial distance and the radial held component may be appreciable. 



To be valid, D must also be large compared to the wavelength (D > X). 
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Far-field ( Fraunhofer ) region is defined as “that region of the field of an antenna 
where the angular field distribution is essentially independent of the distance from the 
antenna. If the antenna has a maximum* overall dimension D, the far-held region is 
commonly taken to exist at distances greater than 2 D 2 /X from the antenna, X being 
the wavelength. The far-held patterns of certain antennas, such as multibeam rehector 
antennas, are sensitive to variations in phase over their apertures. For these antennas 
2 D 2 /X may be inadequate. In physical media, if the antenna has a maximum overall 
dimension, D , which is large compared to n/\y\, the far-held region can be taken to 
begin approximately at a distance equal to \y\D 2 /n from the antenna, y being the 
propagation constant in the medium. For an antenna focused at inhnity, the far-held 
region is sometimes referred to as the Fraunhofer region on the basis of analogy to 
optical terminology.” In this region, the held components are essentially transverse and 
the angular distribution is independent of the radial distance where the measurements 
are made. The inner boundary is taken to be the radial distance R = 2 D 2 /X and the 
outer one at inhnity. 

The amplitude pattern of an antenna, as the observation distance is varied from the 
reactive near held to the far held, changes in shape because of variations of the helds, 
both magnitude and phase. A typical progression of the shape of an antenna, with the 
largest dimension D , is shown in Figure 2.8. It is apparent that in the reactive near- 
held region the pattern is more spread out and nearly uniform, with slight variations. 
As the observation is moved to the radiating near-held region (Fresnel), the pattern 
begins to smooth and form lobes. In the far-held region (Fraunhofer), the pattern is 
well formed, usually consisting of few minor lobes and one, or more, major lobes. 



Reactive 

Near-field 




Figure 2.8 Typical changes of antenna amplitude pattern shape from reactive near field 
toward the far field, (source: Y. Rahmat-Samii, L. I. Williams, and R. G. Yoccarino, The UCLA 
Bi-polar Planar-Near-Field Antenna Measurement and Diagnostics Range,” IEEE Antennas & 
Propagation Magazine, Vol. 37, No. 6, December 1995 © 1995 IEEE). 

*To be valid, D must also be large compared to the wavelength (D > A.). 
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To illustrate the pattern variation as a function of radial distance beyond the min- 
imum 2 D 2 IX far-field distance, in Figure 2.9 we have included three patterns of a 
parabolic reflector calculated at distances of R = 2D 2 /X,4D 2 /X, and infinity [4], It 
is observed that the patterns are almost identical, except for some differences in the 
pattern structure around the first null and at a level below 25 dB. Because infinite dis- 
tances are not realizable in practice, the most commonly used criterion for minimum 
distance of far-field observations is 2 D 2 /X. 

2.2.5 Radian and Steradian 

The measure of a plane angle is a radian. One radian is defined as the plane angle with 
its vertex at the center of a circle of radius r that is subtended by an arc whose length 
is r. A graphical illustration is shown in Figure 2.10(a). Since the circumference of a 
circle of radius r is C = 2 nr, there are 2 it rad (2nr / r) in a full circle. 

The measure of a solid angle is a steradian. One steradian is defined as the solid 
angle with its vertex at the center of a sphere of radius r that is subtended by a spherical 
surface area equal to that of a square with each side of length r. A graphical illustration 
is shown in Figure 2.10(b). Since the area of a sphere of radius r is A — 4 nr 2 , there 
are An sr (4 nr 2 /r 2 ) in a closed sphere. 




Figure 2.9 Calculated radiation patterns of a paraboloid antenna for different distances from 
the antenna, (source: J. S. Hollis, T. J. Lyon, and L. Clayton, Jr. (eds.). Microwave Antenna 
Measurements, Scientific-Atlanta, Inc., July 1970). 




RADIATION PATTERN 37 





Figure 2.10 Geometrical arrangements for defining a radian and a steradian. 



The infinitesimal area dA on the surface of a sphere of radius r, shown in Figure 2.1, 
is given by 

dA = r 2 sm6d9d(t) (m 2 ) (2-1) 

Therefore, the element of solid angle d£2 of a sphere can be written as 



dA 

dZ2 — — 7 - = sin# dO d(f> (sr) 



( 2 - 2 ) 



Example 2.1 

For a sphere of radius r, find the solid angle Sl A (in square radians or steradians) of a 
spherical cap on the surface of the sphere over the north-pole region defined by spherical 
angles of 0 < 6 < 30°, 0 < 4> < 180°. Refer to Figures 2.1 and 2.10. Do this 

a. exactly. 

b. using \ ~ A©i ■ A 02 , where A@i and A 02 are two perpendicular angular 
separations of the spherical cap passing through the north pole. 

Compare the two. 
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Solution'. 

a. Using (2-2), we can write that 

/»360° /»30 ° /» 27T /»7r/ 6 / > 27r /» 7 t/6 

£2 a = / d£2 = / / sin 0 d</> = / d</> / sin0d# 

Jo Jo Jo Jo Jo Jo 

= 2tt[-cos6»]|o /6 = 2tt [-0.867 + 1] = 2tt(0.133) = 0.83566 

A0 1= A©2 2 

b. fs A©! • A© 2 (A0 1 ) 2 = |(|) = y= 1.09662 

It is apparent that the approximate beam solid angle is about 31.23% in error. 



2.3 RADIATION POWER DENSITY 

Electromagnetic waves are used to transport information through a wireless medium or 
a guiding structure, from one point to the other. It is then natural to assume that power 
and energy are associated with electromagnetic fields. The quantity used to describe the 
power associated with an electromagnetic wave is the instantaneous Poynting vector 
defined as 

¥ = (2-3) 

°W = instantaneous Poynting vector (W/m 2 ) 

% = instantaneous electric-field intensity (V/m) 

!tt = instantaneous magnetic-field intensity (A/m) 

Note that script letters are used to denote instantaneous fields and quantities, while 
roman letters are used to represent their complex counterparts. 

Since the Poynting vector is a power density, the total power crossing a closed 
surface can be obtained by integrating the normal component of the Poynting vector 
over the entire surface. In equation form 



< 3 >= P °W-ds= jf W-nda 

s s 



(2-4) 



21“ = instantaneous total power (W) 
n = unit vector normal to the surface 
da — infinitesimal area of the closed surface (m 2 ) 

For applications of time-varying fields, it is often more desirable to find the aver- 
age power density which is obtained by integrating the instantaneous Poynting vector 
over one period and dividing by the period. For time-harmonic variations of the form 
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e ]0, ‘ , we define the complex fields E and H which are related to their instantaneous 
counterparts % and M by 



%{x, y , z; t ) = Re[E(x, y, z)e Ja> ‘] (2-5) 

'Mix, y, z\ t ) = Re[H(.r, y, z)e j<0 ' ] (2-6) 

Using the definitions of (2-5) and (2-6) and the identity Re[EA""J = 2 | Ee J0 “ + E*e 
(2-3) can be written as 



°W = %xM = JrRe[E x H*] + ±Re[E x He i2a,t ] (2-7) 

The hrst term of (2-7) is not a function of time, and the time variations of the second are 
twice the given frequency. The time average Poynting vector (average power density) 
can be written as 



W av (x, y, z) = rW(x, y, z\t)] m = |Re[E x H*] 



(W/m 2 ) 



( 2 - 8 ) 



The i factor appears in (2-7) and (2-8) because the E and H fields represent peak 
values, and it should be omitted for RMS values. 

A close observation of (2-8) may raise a question. If the real part of (E x H*)/2 
represents the average (real) power density, what does the imaginary part of the same 
quantity represent? At this point it will be very natural to assume that the imaginary part 
must represent the reactive (stored) power density associated with the electromagnetic 
fields. In later chapters, it will be shown that the power density associated with the 
electromagnetic fields of an antenna in its far-held region is predominately real and 
will be referred to as radiation density. 

Based upon the definition of (2-8), the average power radiated by an antenna (radi- 
ated power) can be written as 




The power pattern of the antenna, whose definition was discussed in Section 2.2, 
is just a measure, as a function of direction, of the average power density radiated 
by the antenna. The observations are usually made on a large sphere of constant 
radius extending into the far held. In practice, absolute power patterns are usually not 
desired. However, the performance of the antenna is measured in terms of the gain (to 
be discussed in a subsequent section) and in terms of relative power patterns. Three- 
dimensional patterns cannot be measured, but they can be constructed with a number 
of two-dimensional cuts. 
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Example 2.2 

The radial component of the radiated power density of an antenna is given by 



sin0 , 

W rad = a r W r = a r A 0 —— (W/nr) 
r / 



where A 0 is the peak value of the power density, 9 is the usual spherical coordinate, and a r 
is the radial unit vector. Determine the total radiated power. 

Solution: For a closed surface, a sphere of radius r is chosen. To find the total radiated 
power, the radial component of the power density is integrated over its surface. Thus 



^rad — ff Wrad * Tidd 



r2iz piz / sinfA 

= J J ya r A o ——j.(a rr 2 sm0d9d(t>) = n 2 A o (W) 

A three-dimensional normalized plot of the average power density at a distance of r = 1 m 
is shown in Figure 2.6. 



An isotropic radiator is an ideal source that radiates equally in all directions. Although 
it does not exist in practice, it provides a convenient isotropic reference with which to 
compare other antennas. Because of its symmetric radiation, its Poynting vector will 
not be a function of the spherical coordinate angles 6 and tf>. In addition, it will have 
only a radial component. Thus the total power radiated by it is given by 



^rad = ft Wq ■ dS 



n T 



[a r Wo(r)] • [a, r 2 sin# d6 dtp] = Anr 2 Wo (2-10) 



and the power density by 



W 0 = a,- Wo = a, 



(W/nr) 



( 2 - 11 ) 



which is uniformly distributed over the surface of a sphere of radius r. 



2.4 RADIATION INTENSITY 

Radiation intensity in a given direction is defined as “the power radiated from an 
antenna per unit solid angle.” The radiation intensity is a far-field parameter, and 
it can be obtained by simply multiplying the radiation density by the square of the 
distance. In mathematical form it is expressed as 



U = r 2 W rad 



( 2 - 12 ) 
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where 

U — radiation intensity (W/unit solid angle) 

Wad = radiation density (W/m 2 ) 

The radiation intensity is also related to the far-zone electric field of an antenna, 
referring to Figure 2.4, by 

2 2 

U(9, 0) = |E(r, 9, 0) | 2 ~ [|E*(r, 0, 0)| 2 + \E+(r, 9, 0)| 2 ] 

^ 11 (2- 12a) 

~ ±-[\E° e (9,<l>)\ 2 +\E;(9,(P)\ 2 ] 

where 

E(r, 0, <fi) — far-zone electric-field intensity of the antenna = E°(0. 0) 

r 

Eg, Efy = far-zone electric-field components of the antenna 
r] = intrinsic impedance of the medium 

The radial electric-field component (E r ) is assumed, if present, to be small in the far 
zone. Thus the power pattern is also a measure of the radiation intensity. 

The total power is obtained by integrating the radiation intensity, as given by (2-12), 
over the entire solid angle of An. Thus 




Ud£2 = 




7T 



U sin 9 d9 d4> 



where = element of solid angle = sin 9 dO d(p. 



(2-13) 



Example 2.3 

For the problem of Example 2.2, find the total radiated power using (2-13). 



Solution: Using (2-12) 



U = r 2 W ra d = A 0 sin 6 



and by (2-13) 

p 2,71 p7t pin pn 

Trad = / / U sin# d9 dtp = A 0 / / sin 1 9 d6 dcj) = n 2 A 0 

Jo Jo Jo Jo 

which is the same as that obtained in Example 2.2. A three-dimensional plot of the relative 
radiation intensity is also represented by Figure 2.6. 



For an isotropic source U will be independent of the angles 9 and 0, as was the 
case for W^a- Thus (2-13) can be written as 



U 0 dQ = U 0 



(2-14) 
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or the radiation intensity of an isotropic source as 




(2-15) 



2.5 BEAMWIDTH 

Associated with the pattern of an antenna is a parameter designated as beamwidth. 
The beamwidth of a pattern is defined as the angular separation between two identical 
points on opposite side of the pattern maximum. In an antenna pattern, there are a 
number of beamwidths. One of the most widely used beamwidths is the Half-Power 
Beamwidth ( HPBW ), which is defined by IEEE as: “In a plane containing the direction 
of the maximum of a beam, the angle between the two directions in which the radiation 
intensity is one-half value of the beam.” This is demonstrated in Figure 2.2. Another 
important beamwidth is the angular separation between the first nulls of the pattern, 
and it is referred to as the First-Null Beamwidth ( FNBW ). Both the HPBW and FNBW 
are demonstrated for the pattern in Figure 2.11 for the pattern of Example 2.4. Other 
beamwidths are those where the pattern is —10 dB from the maximum, or any other 
value. However, in practice, the term beamwidth , with no other identification, usually 
refers to HPBW. 

The beamwidth of an antenna is a very important figure of merit and often is used 
as a trade-off between it and the side lobe level; that is, as the beamwidth decreases, 
the side lobe increases and vice versa. In addition, the beamwidth of the antenna is also 




Figure 2.11 Three- and two-dimensional power patterns (in linear scale) of U (0) 
cos 2 (0) cos 2 (3(9). 
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used to describe the resolution capabilities of the antenna to distinguish between two 
adjacent radiating sources or radar targets. The most common resolution criterion states 
that the resolution capability of an antenna to distinguish between two sources is equal 
to half the first-null beamwidth (FNBW/2), which is usually used to approximate the half- 
power beamwidth (HPBW) [5], [6]. That is, two sources separated by angular distances 
equal or greater than FNBW/2 ss HPBW of an antenna with a uniform distribution can 
be resolved. If the separation is smaller, then the antenna will tend to smooth the 
angular separation distance. 



Example 2.4 

The normalized radiation intensity of an antenna is represented by 

U(0) = cos 2 (0) cos 2 (30), (0 < 9 < 90°, 0° < f < 360°) 

The three- and two-dimensional plots of this, plotted in a linear scale, are shown in 
Figure 2.11. Find the 

a. half-power beamwidth HPBW (in radians and degrees ) 

b. first-null beamwidth FNBW (in radians and degrees) 

Solution : 

a. Since the U (6) represents the power pattern, to find the half-power beamwidth 
you set the function equal to half of its maximum, or 



U(9) \g= 0 ll — COS 2 (0) COS 2 (30)\g=g h — 0.5 =>■ COS Oh COS 30;, = 0.707 



Oh = cos 



j / 0.707 



cos 30 h 



Since this is an equation with transcendental functions, it can be solved iter- 
atively. After a few iterations, it is found that 

0) t ^ 0.25 radians — 14.325° 



Since the function 1/(0) is symmetrical about the maximum at 0 = 0, then 
the HPBW is 

HPBW = 2 0 h ~ 0.50 radians = 28.65° 



b. To find the first-null beamwidth (FNBW), you set the U (0) equal to zero, or 
U(0)\e=e„ = cos 2 (0) cos 2 (30)|e = e„ = 0 






44 FUNDAMENTAL PARAMETERS OF ANTENNAS 



This leads to two solutions for 9 n . 

i 71 0 

cos 9 n — 0 => 9„ — cos (0) = — radians — 90 

1 it 0 

cos 39 n — 0 => 9„ — - cos (0) = — radians — 30 
3 6 

The one with the smallest value leads to the FNBW. Again, because of the 
symmetry of the pattern, the FNBW is 

FNBW = 2 9 n — — radians = 60° 

3 



2.6 DIRECTIVITY 

In the 1983 version of the IEEE Standard Definitions of Terms for Antennas, there has 
been a substantive change in the definition of directivity, compared to the definition 
of the 1973 version. Basically the term directivity in the new 1983 version has been 
used to replace the term directive gain of the old 1973 version. In the new 1983 
version the term directive gain has been deprecated. According to the authors of the 
new 1983 standards, “this change brings this standard in line with common usage 
among antenna engineers and with other international standards, notably those of the 
International Electrotechnical Commission (IEC).” Therefore directivity of an antenna 
defined as “the ratio of the radiation intensity in a given direction from the antenna 
to the radiation intensity averaged over all directions. The average radiation intensity 
is equal to the total power radiated by the antenna divided by An. If the direction is 
not specified, the direction of maximum radiation intensity is implied.” Stated more 
simply, the directivity of a nonisotropic source is equal to the ratio of its radiation 
intensity in a given direction over that of an isotropic source. In mathematical form, 
using (2-15), it can be written as 



U _ 4 nU 

Uq P rad 



(2-16) 



If the direction is not specified, it implies the direction of maximum radiation intensity 
(maximum directivity) expressed as 



Dmax — Do — 



U | max 



Cmax 4tT U max 

U 0 Pr ad 



(2- 16a) 



D — directivity (dimensionless) 

Z>o = maximum directivity (dimensionless) 
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U — radiation intensity (W/unit solid angle) 
f/ max = maximum radiation intensity (W/unit solid angle) 

Uq — radiation intensity of isotropic source (W/unit solid angle) 

P rad = total radiated power (W) 

For an isotropic source, it is very obvious from (2-16) or (2- 16a) that the directivity 
is unity since U, C/ max , and Uq are all equal to each other. 

For antennas with orthogonal polarization components, we define the partial direc- 
tivity of an antenna for a given polarization in a given direction as “that part of the 
radiation intensity corresponding to a given polarization divided by the total radiation 
intensity averaged over all directions.” With this definition for the partial directivity, 
then in a given direction “the total directivity is the sum of the partial directivities for 
any two orthogonal polarizations.” For a spherical coordinate system, the total max- 
imum directivity D 0 for the orthogonal 6 and 0 components of an antenna can be 
written as 

Dq — Dq + (2-17) 

while the partial directivities Dg and D,p are expressed as 



D 4tT Ug 

(■Pradle + (T'rad),/, 


(2- 17a) 


D 4jtU <P 

^ (Pnxd)e + (Ptad)<l> 


(2- 17b) 



where 

Ug = radiation intensity in a given direction contained in 0 field component 
Up, = radiation intensity in a given direction contained in 0 field component 
(P rad ) e = radiated power in all directions contained in 6 field component 
(P ra d),/, = radiated power in all directions contained in 0 field component 



Example 2.5 

As an illustration, find the maximum directivity of the antenna whose radiation intensity is 
that of Example 2.2. Write an expression for the directivity as a function of the directional 
angles 6 and 0. 

Solution: The radiation intensity is given by 

U = r 2 Wrad = Ao sin 9 
The maximum radiation is directed along 9 = it 12. Thus 



ZAnax — Aq 
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In Example 2.2 it was found that 



Brad — Aq 



Using (2-16a), we find that the maximum directivity is equal to 

4jT U m ax 4 

D 0 = — = - = 1.27 

Brad T 

Since the radiation intensity is only a function of 9, the directivity as a function of the 
directional angles is represented by 



D = Do sin 9 = 1 .27 sin 9 



Before proceeding with a more general discussion of directivity, it may be proper 
at this time to consider another example, compute its directivity, compare it with that 
of the previous example, and comment on what it actually represents. This may give 
the reader a better understanding and appreciation of the directivity. 



Example 2.6 

The radial component of the radiated power density of an infinitesimal linear dipole of length 
Z <SC X. is given by 

W av = a,. W r = a,. A 0 (W/m 2 ) 

r l 

where A 0 is the peak value of the power density, 9 is the usual spherical coordinate, and a r 
is the radial unit vector. Determine the maximum directivity of the antenna and express the 
directivity as a function of the directional angles 9 and 4>. 

Solution: The radiation intensity is given by 

U = r 2 W r = A 0 sin 2 9 

The maximum radiation is directed along 9 = n /2. Thus 

Umax = A() 

The total radiated power is given by 
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Using (2- 16a), we find that the maximum directivity is equal to 

4jrt/ max 4 tt- A 0 3 



Dn = 



T’rad 



8jt 



-(Ac) 



which is greater than 1.27 found in Example 2.5. Thus the directivity is represented by 



D = D 0 sin” 6 = 1.5 sin” 



At this time it will be proper to comment on the results of Examples 2.5 and 2.6. 
To better understand the discussion, we have plotted in Figure 2.12 the relative radia- 
tion intensities of Example 2.5 ( U — A 0 sin 0) and Example 2.6 (U — A 0 sin 2 6) where 
A 0 was set equal to unity. We see that both patterns are omnidirectional but that of 
Example 2.6 has more directional characteristics (is narrower) in the elevation plane. 
Since the directivity is a “figure of merit” describing how well the radiator directs 
energy in a certain direction, it should be convincing from Figure 2.12 that the direc- 
tivity of Example 2.6 should be higher than that of Example 2.5. 

To demonstrate the significance of directivity, let us consider another example; in 
particular let us examine the directivity of a half-wavelength dipole (/ = A/2), which 
is derived in Section 4.6 of Chapter 4 and can be approximated by 



D = D 0 sin 3 6 — 1.67 sin 3 6 



(2-18) 



z 



r 



x 



Figure 2.12 Three-dimensional radiation intensity patterns, (source: P. Lorrain and D. R. 
Corson, Electromagnetic Fields and Waves, 2nd ed., W. H. Freeman and Co. Copyright © 1970). 
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since it can be shown that 



shr 6 




(2- 18a) 



where 0 is measured from the axis along the length of the dipole. The values repre- 
sented by (2-18) and those of an isotropic source (D — 1) are plotted two- and three- 
dimensionally in Figure 2.13(a,b). For the three-dimensional graphical representation 
of Figure 2.13(b), at each observation point only the largest value of the two directiv- 
ities is plotted. It is apparent that when sin - 1 (1/1 .67> 1/3 = 57.44° < 9 < 122.56°, the 
dipole radiator has greater directivity (greater intensity concentration) in those direc- 
tions than that of an isotropic source. Outside this range of angles, the isotropic radiator 
has higher directivity (more intense radiation). The maximum directivity of the dipole 
(relative to the isotropic radiator) occurs when 9 = jt/ 2, and it is 1.67 (or 2.23 dB) 
more intense than that of the isotropic radiator (with the same radiated power). 

The three-dimensional pattern of Figure 2.13(b), and similar ones, are included 
throughout the book to represent the three-dimensional radiation characteristics of 
antennas. These patterns are plotted using software developed in [2] and [3], and can 
be used to visualize the three-dimensional radiation pattern of the antenna. These 
three-dimensional programs, along with the others, can be used effectively toward the 
design and synthesis of antennas, especially arrays, as demonstrated in [7] and [8]. A 
MATLAB-based program, designated as 3-D Spherical , is also included in the attached 
CD to produce similar plots. 

The directivity of an isotropic source is unity since its power is radiated equally 
well in all directions. For all other sources, the maximum directivity will always be 
greater than unity, and it is a relative “figure of merit” which gives an indication of the 
directional properties of the antenna as compared with those of an isotropic source. In 
equation form, this is indicated in (2- 16a). The directivity can be smaller than unity; 
in fact it can be equal to zero. For Examples 2.5 and 2.6, the directivity is equal to 
zero in the 6 — 0 direction. The values of directivity will be equal to or greater than 
zero and equal to or less than the maximum directivity (0 < D < Do). 

A more general expression for the directivity can be developed to include sources 
with radiation patterns that may be functions of both spherical coordinate angles 6 
and f. In the previous examples we considered intensities that were represented by 
only one coordinate angle 9, in order not to obscure the fundamental concepts by the 
mathematical details. So it may now be proper, since the basic definitions have been 
illustrated by simple examples, to formulate the more general expressions. 

Let the radiation intensity of an antenna be of the form 

U = B 0 F{9, 0) - ^ [I E° e (6, 0)| 2 + | E°(9, 0)| 2 ] (2-19) 

where Bq is a constant, and Eg and are the antenna's far-zone electric-held com- 
ponents. The maximum value of (2-19) is given by 



Dmax = B 0 F(9, 0) | m ax = B 0 F mm {9 , 0) 



(2- 19a) 
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The total radiated power is found using 



^rad — 



U (9, (j)) dFl 



-*/7 



F(9, 4 > ) sin# dO <70 



( 2 - 20 ) 



Q, 

We now write the general expression for the directivity and maximum directivity using 
(2-16) and (2- 16a), respectively, as 



D(9, 0) = 4jt 



F(9 ,0) 



/* 2,71 pTT 

/ / F(9, 0) sin 9 d6 <70 

Jo Jo 



Dn — 4n- 



F(9,(t>) Ir 



n jt 



F(9 , 0) sin 9 d9 dcp 



( 2 - 21 ) 



( 2 - 22 ) 



Equation (2-22) can also be written as 




(2-23) 



where is the beam solid angle, and it is given by 



= 



F{9 



/» Z7T /» 7T /» Z7T /» 7T 

/ / F(9,(p)&m9 d9 d(p — / / F n (9, (p) sin 9 d9 d(f> 

4* ) I max JO JO Jo Jo 

(2-24) 

m 0) 



F n {9,<t>) = 



F(9, 0) In 



(2-25) 



Dividing by 7 7 (0, 0)| max merely normalizes the radiation intensity F((9. 0), and it 
makes its maximum value unity. 

77m beam solid angle is defined as the solid angle through which all the power of 
the antenna would flow if its radiation intensity is constant (and equal to the maximum 
value of U) for all angles within £2^. 



2.6.1 Directional Patterns 

Instead of using the exact expression of (2-23) to compute the directivity, it is often 
convenient to derive simpler expressions, even if they are approximate, to compute the 
directivity. These can also be used for design purposes. For antennas with one narrow 
major lobe and very negligible minor lobes, the beam solid angle is approximately equal 
to the product of the half-power beamwidths in two perpendicular planes [5] shown 
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(a) Nonsymmetrical pattern (b) Symmetrical pattern 

Figure 2.14 Beam solid angles for nonsymmetrical and symmetrical radiation patterns. 



in Figure 2.14(a). For a rotationally symmetric pattern, the half-power beamwidths in 
any two perpendicular planes are the same, as illustrated in Figure 2.14(b). 

With this approximation, (2-23) can be approximated by 

(2-26) 

The beam solid angle £2^ has been approximated by 

(2-26a) 



where 

0i r = half-power beam width in one plane (rad) 

0 2 r = half-power beamwidth in a plane at a right angle to the other 

If the beamwidths are known in degrees, (2-26) can be written as 

_ 4jr(180/jr) 2 _ 41,253 

®\d®2d ®ld®2d 



(rad) 

(2-27) 





where 

0m = half-power beamwidth in one plane (degrees) 

@ 2 d = half-power beamwidth in a plane at a right angle to the other (degrees) 
For planar arrays, a better approximation to (2-27) is [9] 

_ 32,400 _ 32,400 

0 - Q a (degrees) 2 ®u® 2 d 



(2-27a) 
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The validity of (2-26) and (2-27) is based on a pattern that has only one major lobe 
and any minor lobes, if present, should be of very low intensity. For a pattern with 
two identical major lobes, the value of the maximum directivity using (2-26) or (2-27) 
will be twice its actual value. For patterns with significant minor lobes, the values of 
maximum directivity obtained using (2-26) or (2-27), which neglect any minor lobes, 
will usually be too high. 



Example 2.7 

The radiation intensity of the major lobe of many antennas can be adequately represented by 

U = Bo cos 9 

where B 0 is the maximum radiation intensity. The radiation intensity exists only in the upper 
hemisphere (0 < 9 < jt/2, 0 < 4> < 2n), and it is shown in Figure 2.15. 

Find the 

a. beam solid angle; exact and approximate. 

b. maximum directivity; exact using (2-23) and approximate using (2-26). 

Solution: The half-power point of the pattern occurs at 9 = 60°. Thus the beam width in 
the 9 direction is 120° or 




Figure 2.15 Radiation intensity pattern of the form U = cos 9 in the upper hemisphere. 
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Since the pattern is independent of the 4 > coordinate, the beamwidth in the other plane is 
also equal to 



a. Beam solid angle £2 t : 

Exact: Using (2-24), (2-25) 

/»360° /»90° p2j t /»7t/2 

£2 a = / cos 6 d£2 = / / cos 0 sin 0 dO d(/) 

Jo Jo Jo Jo 

2jt 

cos0 sin 0 d6 



= f d<p f 

Jo Jo 

px/2 p 

— 2 n cos 6 sin 0 dO — n 

Jo Jo 

Approximate: Using (2-26a) 



7T/2 / > ^/2 

cos 9 sin G dO — n / sin(20) dO = n steradians 



2n ( 2n \ l'2.n\ 

& 0 ir 02r = — — I — — I = ( — — ) = 4.386 steradians 



3 V 3 / V 3 / 



b. Directivity Dq: 

Atc An 

Exact: Dq = — = — = 4 (dimensionless) = 6.02 dB 
£2 a n 

The same exact answer is obtained using (2- 16a). 

An An 

Approximate: Dq ~ — = — = 2.865 (dimensionless) = 4.57 dB 

£2a 4.386 



The exact maximum directivity is 4 and its approximate value, using (2-26), is 2.865. Better 
approximations can be obtained if the patterns have much narrower beamwidths, which will 
be demonstrated later in this section. 



Many times it is desirable to express the directivity in decibels (dB) instead of dimen- 
sionless quantities. The expressions for converting the dimensionless quantities of 
directivity and maximum directivity to decibels (dB) are 



D(dB) = 101og 10 [D(dimensionless)] (2-28a) 

A)(dB) = 101og 10 [D 0 (dimensionless)] (2-28b) 

It has also been proposed [10] that the maximum directivity of an antenna can also 
be obtained approximately by using the formula 

Do ~ 2 VT»! + D 2 ) 



(2-29) 
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where 



D\ ~ 



D 2 



J /•©! r/2 



2 In 2 



L 



sin 8 d6 



J /'©2r/2 



2 In 2 



L 



sin 0 d9 



16 In 2 

0 2 

1 r 



16 In 2 

0 2 

W 2r 



(2-29a) 

(2-29b) 



© lr and @ 2r are the half-power beamwidths (in radians) of the E- and //-planes, 
respectively. The formula of (2-29) will be referred to as the arithmetic mean of the 
maximum directivity. Using (2-29a) and (2-29b) we can write (2-29) as 



1 ^ _ Qfr + Ql 

D 0 2 In 2 V 16 16 / 321n2 



(2-30) 



or 




Do 



22. 181(1 80/7t) 2 



©L + © 2 



2d 



72,815 



®u 



Id 



(2-30a) 

(2-30b) 



where © i ,/ and & 2 d are the half-power beamwidths in degrees. Equation (2-30a) is to 
be contrasted with (2-26) while (2-30b) should be compared with (2-27). 

In order to make an evaluation and comparison of the accuracies of (2-26) and 
(2-30a), examples whose radiation intensities (power patterns) can be represented by 



U(e,</>) = 



Bo cos" (0) 0 <6 < 7t/2, 0 < 0 < 2 n 

0 elsewhere 



(2-31) 



where n = 1 — 10, 11.28, 15, and 20 are considered. The maximum directivities were 
computed using (2-26) and (2-30a) and compared with the exact values as obtained 
using (2-23). The results are shown in Table 2.1. From the comparisons it is evident 
that the error due to Tai & Pereira’s formula is always negative (i.e., it predicts lower 
values of maximum directivity than the exact ones) and monotonically decreases as n 
increases (the pattern becomes more narrow). However, the error due to Kraus’ formula 
is negative for small values of n and positive for large values of n. For small values 
of n the error due to Kraus’ formula is negative and positive for large values of n; the 
error is zero when n — 5.497 ~ 5.5 (half-power beamwidth of 56.35°). In addition, 
for symmetrically rotational patterns the absolute error due to the two approximate 
formulas is identical when n = 11.28, which corresponds to a half-power beamwidth 
of 39.77° . From these observations we conclude that, Kraus’ formula is more accurate 
for small values of n (broader patterns) while Tai & Pereira’s is more accurate for large 
values of n (narrower patterns). Based on absolute error and symmetrically rotational 
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TABLE 2.1 Comparison of Exact and Approximate Values of Maximum Directivity for 
V = cos" 0 Power Patterns 



11 


Exact 

Equation 

(2-22) 


Kraus 

Equation 

(2-26) 


Kraus 
% Error 


Tai and Pereira 
Equation 
(2-30a) 


Tai and Pereira 
% Error 


1 


4 


2.86 


- 28.50 


2.53 


- 36.75 


2 


6 


5.09 


- 15.27 


4.49 


- 25.17 


3 


8 


7.35 


- 8.12 


6.48 


- 19.00 


4 


10 


9.61 


- 3.90 


8.48 


- 15.20 


5 


12 


11.87 


- 1.08 


10.47 


- 12.75 


6 


14 


14.13 


+ 0.93 


12.46 


- 11.00 


7 


16 


16.39 


+ 2.48 


14.47 


- 9.56 


8 


18 


18.66 


+ 3.68 


16.47 


- 8.50 


9 


20 


20.93 


+ 4.64 


18.47 


- 7.65 


10 


22 


23.19 


+ 5.41 


20.47 


- 6.96 


11.28 


24.56 


26.08 


+ 6.24 


23.02 


- 6.24 


15 


32 


34.52 


+ 7.88 


30.46 


- 4.81 


20 


42 


45.89 


+ 9.26 


40.46 


- 3.67 



patterns, Kraus’ formula leads to smaller error for n < 11.28 (half-power beamwidth 
greater than 39.77°) while Tai & Pereira’s leads to smaller error for n > 11.28 (half- 
power beamwidth smaller than 39.77°). The results are shown plotted in Figure 2.16 
for 0 < n < 450. 



2.6.2 Omnidirectional Patterns 

Some antennas (such as dipoles, loops, broadside arrays) exhibit omnidirectional pat- 
terns, as illustrated by the three-dimensional patterns in Figure 2.17 (a,b). As single- 
lobe directional patterns can be approximated by (2-31), omnidirectional patterns can 
often be approximated by 

U = | sin" (0)| 0 < 0 < jt, 0<(p<2n (2-32) 

where n represents both integer and noninteger values. The directivity of antennas with 
patterns represented by (2-32) can be determined in closed from using the definition of 
(2- 16a). However, as was done for the single-lobe patterns of Figure 2.14, approximate 
directivity formulas have been derived [11], [12] for antennas with omnidirectional 
patterns similar to the ones shown in Figure 2.17 whose main lobe is approximated by 
(2-32). The approximate directivity formula for an omnidirectional pattern as a function 
of the pattern half-power beamwidth (in degrees), which is reported by McDonald 
in [11], was derived based on the array factor of a broadside collinear array [see 
Section 6.4.1 and (6-38a)] and is given by 



D 



o — 



101 

HPBW (degrees) - 0.0027 [HPBW (degrees)] 2 



(2-33a) 
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HPBW (degrees) 

Figure 2.16 Comparison of exact and approximate values of directivity for directional 
U = cos" 9 power patterns. 





Figure 2.17 Omnidirectional patterns with and without minor lobes. 



Directivity D 0 (dB) 
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However, that reported by Pozar in [12] is derived based on the exact values obtained 
using (2-32) and then representing the data in closed-form using curve-fitting, and it 
is given by 

D 0 ~ -172.4 + 19V0.818 + 1/HPBW (degrees) (2-33b) 

The approximate formula of (2-33a) should, in general, be more accurate for omnidi- 
rectional patterns with minor lobes, as shown in Figure 2.17(a), while (2-33b) should 
be more accurate for omnidirectional patterns with minor lobes of very low intensity 
(ideally no minor lobes), as shown in Figure 2.17(b). 

The approximate formulas of (2-33a) and (2-33b) can be used to design omni- 
directional antennas with specified radiation pattern characteristics. To facilitate this 
procedure, the directivity of antennas with omnidirectional patterns approximated by 
(2-32) is plotted in Figure 2.18 versus n and the half-power beamwidth (in degrees). 
Three curves are plotted in Figure 2.18; one using (2- 16a) and referred as exact, one 
using (2-33a) and denoted as McDonald, and the third using (2-33b) and denoted as 
Pozar. Thus, the curves of Figure 2.18 can be used for design purposes, as follows: 

a. Specify the desired directivity and determine the value of n and half-power 
beamwidth of the omnidirectional antenna pattern, or 

b. Specify the desired value of n or half-power beamwidth and determine the direc- 
tivity of the omnidirectional antenna pattern. 

To demonstrate the procedure, an example is taken. 




180.0 19.0 13.5 11.0 9.5 8.5 7.8 7.2 6.7 6.4 

HPBW (degrees) 



Figure 2.18 Comparison of exact and approximate values of directivity for omnidirectional 
U = sin" 9 power patterns. 





58 FUNDAMENTAL PARAMETERS OF ANTENNAS 



Example 2.8 

Design an antenna with omnidirectional amplitude pattern with a half-power beamwidth of 
90°. Express its radiation intensity by U = sin" 9. Determine the value of n and attempt to 
identify elements that exhibit such a pattern. Determine the directivity of the antenna using 
(2- 16a), (2-33a), and (2-33b). 

Solution: Since the half-power beamwidth is 90°, the angle at which the half-power point 
occurs is 9 = 45° . Thus 

U(9 = 45°) = 0.5 = sin" (45°) = (0.707)" 



n — 2 



Therefore, the radiation intensity of the omnidirectional antenna is represented by U = sin" 9. 
An infinitesimal dipole (see Chapter 4) or a small circular loop (see Chapter 5) are two 
antennas which possess such a pattern. 

Using the definition of (2-16a), the exact directivity is 



Umax — 1 



Pr ad = 



f 2 " , 8 j r 

/ / sin” 9 sin 9d 9 dtp = — 

Jo Jo 3 



4jt 3 

D 0 = = - = 1.761 dB 

8jt/3 2 

Since the half-power beamwidth is equal to 90°, then the directivity based on (2-33a) is 
equal to 

101 

D 0 = = 1.4825 = 1.71 dB 

90 - 0.0027(90) 2 

while that based on (2-33b) is equal to 

D 0 = -172.4 + 191 70.818 + 1/90 = 1.516 = 1.807 dB 



The value of n and the three values of the directivity can also be obtained using Figure 2.18, 
although they may not be as accurate as those given above because they have to be taken 
off the graph. However, the curves can be used for other problems. 



2.7 NUMERICAL TECHNIQUES 

For most practical antennas, their radiation patterns are so complex that closed-form 
mathematical expressions are not available. Even in those cases where expressions 
are available, their form is so complex that integration to find the radiated power, 
required to compute the maximum directivity, cannot be performed. Instead of using 
the approximate expressions of Kraus, Tai and Pereira, McDonald, or Pozar alternate 
and more accurate techniques may be desirable. With the high-speed computer systems 
now available, the answer may be to apply numerical methods. 
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Let us assume that the radiation intensity of a given antenna is separable, and it is 
given by 

U = Bof (6)g(4>) (2-34) 



where Bq is a constant. The directivity for such a system is given by 

471 U ma x 



Do — 



rad 



where 



-nr 



T'rad 

which can also be written as 



f (9) g(<l>) sin 6 dO 



d(p 



(2-35) 



(2-36) 



Prad = B 0 J^ g(0) | J 



f(0) sin 9 d6 



dcj) 



(2-37) 



If the integrations in (2-37) cannot be performed analytically, then from integral 
calculus we can write a series approximation 



r7T N 

/ f{0) sin Ode = y\f(0i) sin6>,]Afl, 

Jo i = i 



(2-38) 



For N uniform divisions over the jt interval. 



A 0i = 



n 

N 



(2-38a) 



Refening to Figure 2.19, 0, can take many different forms. Two schemes are shown 
in Figure 2.19 such that 



or 



6i = i (jf)' ' = 1 ’ 2 ’ 3 ”"’ 7V 



0i = — + (i - 1) — , i = 1,2, 3, ...,N 
2 N N 



(2-3 8b) 



(2-38c) 



In the former case, 0, is taken at the trailing edge of each division; in the latter case, 
6j is selected at the middle of each division. The scheme that is more desirable will 
depend upon the problem under investigation. Many other schemes are available. 

In a similar manner, we can write for the 0 variations that 



I>2jv M 

/ g(<p)d(p — y~'g(0j)A0 

J ° j = 1 



(2-39) 




60 FUNDAMENTAL PARAMETERS OF ANTENNAS 



r 




Figure 2.19 Digitization scheme of pattern in spherical coordinates. 



where for M uniform divisions 



A(Pj = 



Again referring to Figure 2.19 



2jt 

~M 



j=h2,3,...,M 






(2-39a) 



(2-39b) 



or 



2tt 



2 7T 



</>,■ = + (7-1) — , y = 1,2, 3, ...,M 

J 2M ' M J 



(2-39c) 



Combining (2-38), (2-38a), (2-39), and (2-39a) we can write (2-37) as 



/- \ M 

/ 7 t \ ( in \ ^ — > 
P r ad — £ 0 ( — ) ( ) / 

7=1 



8(<t>j) 



J]/(^)sin0, 



L <= l 



(2-40) 



The double summation of (2-40) is performed by adding for each value of y(y = 
1, 2, 3, . . . , M) all values of i (i — 1, 2, 3, . . . , N). In a computer program flowchart, 
this can be performed by a loop within a loop. Physically, (2-40) can be inter- 
preted by referring to Figure 2.19. It simply states that for each value of g((f>) at 
the azimuthal angle (j> — <pj, the values of f(6) sin 6 are added for all values of 
0 — Ojd — 1, 2, 3, . . . , N). The values of 0, and <pj can be determined by using either 
of the forms as given by (2-38b) or (2-38c) and (2-39b) or (2-39c). 
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Since the 9 and 0 variations are separable, (2-40) can also be written as 

/ 2 \ M r n 

P™t = fl 0 (£)(-£) T.sW E^ )sin0 ' ( 2 - 41) 

v U =1 J L«=i 

in which case each summation can be performed separately. 

If the 9 and 0 variations are not separable, and the radiation intensity is given by 

U = B 0 F (<9, 0 ) (2-42) 

the digital form of the radiated power can be written as 



(2-43) 



0j and 4>j take different forms, two of which were introduced and are shown pictorially 
in Figure 2.19. The evaluation and physical interpretation of (2-43) is similar to that 
of (2-40). 

To examine the accuracy of the technique, two examples will be considered. 



Example 2.9(a) 

The radiation intensity of an antenna is given by 

{ Bo sin# sin 2 0, 0 < d < it, 0 < d> < tt 

0 elsewhere 

The three-dimensional pattern of U (9, 0) is shown in Figure 2.20. 

Determine the maximum directivity numerically by using (2-41) with 0, and cpj of 
(2-38b) and (2-39b), respectively. Compare it with the exact value. 

Solution'. Let us divide the 6 and 0 intervals each into 18 equals segments (N = M = 18). 
Since 0 < 0 < n , then A <pj = n / M and (2-41) reduces to 

, r is ”1 r 18 

Trad = E Sin2 E S ' n2 9{ 

|_;=i J Lf=r 

with 

0t=i (^) =i(10°), i = 1,2,3,..., 18 
0; = ./ (^) = ./ ( 10 O) , j = 1,2,3,..., 18 
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B q sin (ff) sin” (</>) 



O<0<7V 



Figure 2.20 Three-dimensional pattern of the radiation of Examples 2.9(a,b). 



Frad = Bo (^) 2 [sin 2 (10°) + sin 2 (20°) + • • • + sin 2 (180°)] 2 



Frad = Bi 






= Bn I — — 



4nU m ax 4 jt 16 

D 0 = — = = — = 5.0929 

Frad 7T”/4 n 



The exact value is given by 



Praci = Bl 



'o f sin 2 4>d<p f sin 2 9 d6 = — ( — ^ B 0 
Jo Jo 2 V 2 / 



7T” 

= T 5 ° 



AttU max 4jl 16 

Do = = ^77 = — = 5-0929 

Frad 7T”/4 J T 



which is the same as the value obtained numerically! 
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Example 2.9(b) 

Given the same radiation intensity as that in Example 2.9(a), determine the directivity using 
(2-41) with 9i and 4>j of (2-38c) and (2-39c). 

Solution: Again using 18 divisions in each interval, we can write (2-41) as 



Pmi — 



‘(is 



18/ 



Y sin 2 4>j 



7=1 



Y sin 2 



L i=l 



with 

Oi = + a - = 5° + (i - 1)10°, i = 1, 2, 3, .... 18 

JO lo 

<!>j = J + O' - 1)^ = 5° + (j - 1)10°, j= 1, 2, 3, .... 18 

Because of the symmetry of the divisions about the 9 = n / 2 and 0 = n /2 angles, we 
can write 



9 


9 


2 'Y sin 2 

i =1 


2 sin 2 0 t 

_ i=i 



/ J rad = B 0 (^) 2 4[sin 2 (5°) + sin 2 (15°) + • • • + sin 2 (85°)] 2 

/ n \ 2 r. / jr \ 2 /7r 2 \ 

P rad = Bo(-) 4(4. 5) 2 = B 0 (— ) (8D = 5 o( t ) 



which is identical to that of the previous example. Thus 

4 7Z U max 



A) = 



^rad 



= — = 5.0929 
JZ-/4 71 



which again is equal to the exact value! 



It is interesting to note that decreasing the number of divisions (M and/or N) to 9, 6, 
4, and even 2 leads to the same answer, which also happens to be the exact value! 
To demonstrate as to why the number of divisions does not affect the answer for 
this pattern, let us refer to Figure 2.21 where we have plotted the sin 2 0 function and 
divided the 0° < 0 < 180° interval into six divisions. The exact value of the directivity 
uses the area under the solid curve. Doing the problem numerically, we find the area 
under the rectangles, which is shown shaded. Because of the symmetrical nature of the 
function, it can be shown that the shaded area in section #1 (included in the numerical 
evaluation) is equal to the blank area in section #T (left out by the numerical method). 
The same is true for the areas in sections #2 and #2', and #3 and #3'. Thus, there 
is a one-to-one compensation. Similar justification is applicable for the other number 
of divisions. 






